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Thermal management system  is necessary to control the operating temperature of the 
lithium ion batteries in battery packs for electrical and hybrid electrical vehicles. This thesis 
studies, develops and models novel battery thermal management systems for the battery 
packs in hybrid electric vehicles and electric vehicles. The systems’ thermal performances 
are assessed through thermal and electrochemical models. The performances of the 
proposed systems are investigated in terms of various performance measures including the 
maximum temperature in the pack and the temperature distribution throughout the battery 
pack and through each battery. The results show that pool based systems achieve better 
performance for cylindrical battery packs than for prismatic battery packs. For a pool 
system, covering 30% of the battery height reduces the maximum battery temperature by 
28% to 40% depending on the fuel type for a high intensity cycle. To achieve 28% to 40% 
reduction in the prismatic battery maximum temperature from the case where there is no 
cooling, the pool system has to cover 80% of the battery height. The best performing 
system for prismatic battery packs is the tube based system, where the aluminum cold plate 
has tubes completely filled with coolant to maintain the battery temperature within range 
needed for the best performance possible by the system. The tube cold plate based system 
maintains 80% less coolant in the battery pack at a time than the direct contact pool based 
system while achieving a higher performance in terms of the maximum battery temperature 
and the maximum temperature difference across the battery pack. The response time for 
the proposed systems reached nearly 10 times faster than liquid and air systems proposed 
in the literature. Compared with the literature the pool based system response was 1.7% of 
the cycle time compared to around 17% for the cycle time for the mini channel cold plate 
cooling system. 
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Chapter 1: Introduction 
 
The environmental impact associated with fossil fuel consumption, mainly greenhouse 
gases and harmful air contaminants, are a global concern. According to the data presented 
by the Intergovernmental Panel on Climate Change (IPCC) in 2015, 28% of Canada’s 
emissions is caused by the transportation sector consumption of fossil fuels as shown in 
Figure 1.1 [1].  
 
Figure 1.1 Breakdown of Canada’s emissions in million tonne (Mt) CO2 equivalent by 
sector, where the labeling on the graph inside the parentheses presents the following: (Mt 
CO2 equivalent, percentage of the overall contribution) (Data from [1]). 
Further details on the variation over time of the greenhouse gas (GHG) emissions 
in Canada are presented in Figure 1.2, where the variations of the total, energy transport 
and energy stationary combustion GHG emissions from 2005 to 2015 are shown. As shown 
in Figure 1.2 the GHG emissions produced by the transportation sector varied through the 
years 2005 to 2015, where in the earlier years of 2008 and 2009 it experienced a drop, 
where all the other years it experienced a raise or stayed constant. After ten years from 
2005, the total GHG emissions and the energy stationary combustion in Canada was 
successfully reduced, however the GHG emissions released by the transportation sector 
increased from 195 Mt CO2 equivalent to 202 Mt CO2 equivalent (increased by 7 Mt CO2 
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equivalent). The increase in the energy transport sector emissions highlights the urgent 
need to explore other practical solutions which are more environmentally benign 
transportation methods and technologies. 
 
Figure 1.2 Variations of the total GHG emissions in Canada with time, and the variation 
of the GHG emissions that are the product of the energy transport sector and the energy 
stationary combustion sector in Mt CO2 equivalent (Data from [1]). 
 The main contributor in the GHG emissions produced by the energy transport sector 
is the road transportation through the ten years from 2005 to 2015 as shown in Figure 1.3. 
Figure 1.3 shows the variation of the contribution of the main subsectors in the energy 
transport sector emissions in Mt CO2 equivalent. As shown in Figure 1.3 the contribution 
of domestic aviation have decreased over the ten years from 2005 from releasing 8 million 
tonne of CO2 equivalent in 2005 to 7 million tonne of CO2 equivalent in 2015. Domestic 
navigation has also experienced a drop of 2 million tonne of CO2 equivalent (from 6 to 4 
million tonne of CO2), so two of the main contributors have experienced a drop with time. 
However, the rail transport contribution has stayed constant through the years as shown in 
Figure 1.3. Finally, the road transportation with nearly around an average of 70% of the 
emissions of the energy transport sector, have increased over the last ten years from 2015, 
with an increase of 10 million tonne of CO2 equivalent.  
Having the road transportation, the main contributor in the emissions released by 
the energy consumed by the transportations sector this highlight the urgent need to explore 
other practical solutions which are more environmentally benign transportation methods 
and technologies. Note that the category ‘others’ shown in Figure 1.3 has a large percentage 
of the overall energy transport emissions. Others in Figure 1.3 refer to off road 
transportation. The pressure of the global warming and the governmental environment 
protection regulations that are related to the transportation sector have resulted in a global 
increase in the interest in electric vehicles (EVs) and hybrid electric vehicles (HEVs) [2]. 
For EVs and partially for HEVs their driving range, acceleration and the achieved speeds 




Figure 1.3 Breakdown of the energy transport emissions in Canada from 2005 to 2015 
(Data from [1]). 
 However, for HEVs they are also supported by the fuel part of the vehicle drive 
chain. One of the most efficient energy storage technologies is the rechargeable lithium ion 
(Li-ion) batteries [3]. Li-ion batteries perform better than other rechargeable batteries in 
terms of having higher energy density, lower self-discharge rates, and does not suffer from 
the memory effect [4]. Other than the vehicle performance of EVs and HEVs, the safety 
and the life of the battery pack are also considered as a decisive factor in ensuring the 
success of EVs and HEVs [4]. In order to reduce the charging time (EV refueling), high 
charging rates are required, where the discharging rate determine the acceleration of the 
EVs and HEVs [5]. However, charging and discharging rates that the battery can receive 
and provide are limited by the battery operating temperature and the battery materials and 
the manufacturing technology used in making them. As a result, extensive research was 
dedicated towards improving the batteries’ materials and manufacturing methods [3,6,7]. 
However, the other battery’s performance decisive factor, which is the operating 
temperature and controlling it has received less attention was directed towards the 
development of battery thermal management systems [8].  
Batteries generate heat when they are charging or discharging, which leads to an 
increase in the operating temperature of the battery if the generated heat was not removed. 
High operating temperatures can lead to safety issues such as thermal runaway and 
electrolyte explosion [9–13]. Research has shown that for Li-ion batteries (specifically 
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temperature increases away from the optimum operation range, the battery will suffer from 
capacity loss, which the capacity loss rate increases as the temperature increases for the 
same number of cycles [14]. For example, increasing the operating temperature of the 
battery from 25oC to 50oC, will increase the battery capacity loss by 100% for 300 cycles. 
Battery thermal management systems work to maintain the battery operating temperature 
from raising above or dropping below the optimum operation range, which means the 
battery thermal management system must cool the batteries at times and heat it up or 
insulate at other occasions. Regarding the heating function of the battery thermal 
management systems, battery packs are often insulated tightly and usually equipped with 
electric heating coils to raise the temperature of the battery pack [15,16]. The fact that 
battery thermal management systems (BTMS) uses electrical heating coils to prevent the 
battery pack temperature from dropping down indicates the importance of focusing on the 
cooling function of the BTMSs. Another important fact, which also highlights the 
importance of focusing on the cooling function of BTMS, is that generated heat when they 
are charged or discharged and that generated heat increases with the increase in the 
battery’s internal resistance. Where the battery internal resistance increase as the 
temperature drops below the optimum operating battery temperature, which means cold 
batteries generates more heat and if that heat is not removed, the batteries will warm itself 
[17].  
To better understand the vehicle battery temperature variation due to their heat 
generation rate it is important to understand the drive cycle of the electrified vehicles. The 
electrified vehicles can be classified into three groups, which are: electric vehicles (EVs), 
hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs). The coming 
subsections provide a detailed explanation of the drive train of these three categories. 
1.1 Electric vehicles (EVs) 
EVs uses power supplied from a single source, which are the batteries on board of the 
vehicle, other devices can also store the electrical energy in EVs such as capacitors. The 
power supplied from the batteries is directed to the electric motors of the vehicle, which in 
turn drive the wheels of the vehicle [18–21]. EVs takes an advantage of having electric 
motors driving the vehicle wheels in converting them into generator while breaking, which 
are cold regenerative breaking. The regenerative braking system helps the vehicle to reduce 
speed and stop quickly and at the same time they recharge the batteries. EVs have different 
methods to control the flow of electrical power from the batteries to the motors in the most 
effective and economic matter. The environmental impact associated with the fossil fuel 
combustion and the fact that fossil fuels have a finite nature have resulted in renewed 
interest in electric based transportation [22,23]. The EVs have the potential to reduce the 
GHG emissions since they can run on electricity from various sources, such as solar, wind, 
nuclear and also fossil fuels or any combinations of those. For the case where the electrical 
energy that derives the EVs comes from fossil fuel sources, it is still an advantage since 
stationary power production that are fueled with fossil fuels are more efficient than the on 
board internal combustion engines used in vehicles. Typical specifications of a EVs that 




Table 1.1: Typical specifications of an electric vehicle that is usually used in the literature 
to perform electric vehicle drive cycle studies (date from [24]). 
Parameter Value  
Vehicle mass 1720 kg 
Conversion efficiency from inventor to motor   95% 
Vehicles frontal area 2.39 m2 
Percent grade 1 
Drag coefficient  0.38 
Tire rolling resistance  0.015 
Brake and steering coefficient  0.003 
Regeneration coefficient  0.25 
Battery to inverter efficiency  0.95 
Motor to wheels efficiency  0.95 
Battery cell capacity  12 Ah/m2 
Battery pack energy 25 kWh 
Vehicle wheels dimensions  0.3 m (radius) 
 
1.2 Hybrid electric vehicles (HEVs) 
Hybrid electric vehicle (HEVs) are vehicles that utilize more than single energy source, 
where one of these source is electrical energy that derives an electrical motor, however the 
vehicle can also have a combustion engine or fuel cells [18–20].  HEVs that are fed with 
fossil fuels utilize small fossil fuel engines, which are more efficient and consequently 
gives a better range. Having a small engine and a battery pack that is charged with electrical 
gird will enhance the performance and reduce the overall vehicle environmental impact 
[25]. One of the other advantages that hybrid vehicles has over EVs is the range, or called 
range extenders. Range extenders are usually fossil fuel based engines that either produce 
electrical energy to drive the vehicle or charge the batteries. An example on the application 
of the range extenders utilized in commercial vehicles is presented in Table 1.2 where it 
list the specification of early model of Chevrolet Volt and the vehicle specifications are 
adapted from Von Helmolt and Eberle [23]. As presented in c, the range extender is 
gasoline fueled and it is an internal combustion engine with a size of 1.4-liter engine. HEVs 
can be categorized into three main configurations that are currently available in the market, 
and they are: series hybrid electric vehicles, parallel hybrid electric vehicles and series-
parallel hybrid electric vehicles. Each of the three main categories of HEVs is discussed in 
the following subsections. 
1.2.1 Series hybrid electric vehicle 
Shown in Figure 1.4 is a schematic presentation of a series HEV. Figure 1.4 shows how 
the power train of the vehicle is connected. Figure 1.4 shows the drive train power flow for 
a series HEV with two energy sources, which are fuel and batteries. In series HEVs the 
wheels are powered by only electric motors, where the fuel is converted into energy 
through an internal combustion engine for the case of fossil fuels and the rotation energy 
is converted into electric energy by the help of an electric generator. The electrical energy 
produced by the electric generator is then used to charge the batteries or/and delivered to 
the motor to drive the vehicle [25]. 
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This type of drive system usually provides a high performance capability for the 
vehicle. Such vehicles can utilize the high power output and high thermal efficiency of gas 
turbines (higher than internal combustion engines). In terms of the size of the engine and 
battery pack, series HEVs have larger battery pack and smaller engine than the parallel 
HEV. The configuration of the drive train of the series HEVs have made them more 
efficient in city driving compared to the parallel [25]. A practical example of series HEVs 
is the Chevrolet Volt, which is manufactured and sold by General Motors, and a brief 
presentation of Volt’s specifications is presented in Table 1.2. 
Table 1.2. Specification of an actual commercial EV integrated with a gasoline drive range 
extender (data from Von Helmolt and Eberle [23]). 
Parameter Value/specification   
Drive system Front wheel drive 
Supporting system Range extender 
Charging via Standard electrical wall outlet supplied from the grid 
Dimensions  
Width 1798 mm 
Length 4404 mm 
Height 1430 mm 
Wheelbase 2685 mm 
Battery pack  
Cells >220 cells 
Battery type Li-ion battery 
Weight  180 kg 
Length 1.8 m 
Shape T-shape 
Power Source of the vehicle full performance 
Capacity  16 kWh (ca. 8 kWh usable) 
Vehicle  propulsion system  
Type Electric 
Motor type Three phase induction motor 
Maximum operating power 111 kW 
Maximum torque 370 N.m 
Range extender   
Type  Gasoline engine 
Aspirated Naturally 
Size 1.4 Liter displacement  
Power  53 kW 
Overall vehicle performance  
Maximum speed 160 km/h 
Acceleration 9 seconds from 0 to 100 km/h 





Figure 1.4 A schematic diagram of the power flow and drive train arrangement of series 
HEVs. 
1.2.2 Parallel hybrid electric vehicle 
Another arrangement of the HEVs drive train and power flow from the energy sources to 
the wheels is the parallel arrangement. A schematic diagram of the drive train of the parallel 
HEV and the power flow directions is shown in Figure 1.5. In the parallel arrangement 
both of the electric motor and the engine drive each of the axials of the vehicle as shown 
in Figure 1.5.  
 




The electric motor in the parallel HEV driving the wheels can also be converted 
into a generator by treating the movement of the wheels as a resistance to generate electrical 
energy and charge the batteries. Having the electric motor treating the movement of the 
vehicle as a load to generate electrical energy, in addition it acts as a breaks to slow the 
vehicle down. One of the advantages to the parallel arrangement of HEVs is that the engine 
can be turned off while driving in the city and the vehicle can work as emission free vehicle 
[25]. Parallel HEVs can have a driving range around 650 km. Parallel arrangement of 
HEVs drive train and power distribution are often used in passenger cars, since the parallel 
arrangement is intended to enhance the vehicle performance. An example of the use of 
parallel arrangement in HEVs is Honda Civic, which uses an Integrated Motor Assist 
(IMA) system that coordinates the power supply for the energy sources it has. Other HEVs 
that has also a parallel arrangement is Honda Accord, Honda Insight. 
1.2.3 Series-parallel (power split) hybrid electric vehicle 
The most complicated design of the HEVs compared to the series and the parallel 
arrangement is the series-parallel (power split) HEV. In the series-parallel arrangement the 
power generated by the batteries and the engine can both or either drive the wheels, through 
the electric motors [25]. This configuration can also have a regenerative braking, which 
generate energy through slowing down the vehicles. A practical example of such vehicles 
that utilizes the series-parallel configuration of HEVs is Toyota Prius. Toyota’s HEV drive 
and energy distribution system functions as a continuously variable transmission and 
achieve high efficiency and smooth power delivery. Brief description of the Toyota Prius, 
which has a series-parallel arrangement and utilizes an energy distribution system is 
presented in Table 1.3. Figure 1.6 shows the a schematic of the hybrid series-parallel 
electric vehicle and how it have the features of both series and parallel vehicles however  
it is equipped with the power split (PS) controller that allows the vehicle to switch between 
the two modes.  
 




1.3 Plug-in hybrid electric vehicles (PHEVs) 
Plug-in HEVs are HEVs but with a larger battery pack, where a large part of the driving 
power of the vehicle comes from the batteries and the batteries can be charged by plugging 
the vehicle to an electrical outlet. PHEVs have larger pure electric battery power supply 
range compared to the HEVs [25]. This means that the vehicle can be set to no emissions 
mode for a longer time duration and distance. PHEVs can also be referred to as charge-
depleting range, for example so vehicles have a charge-depleting range of 16 km, while 
others may have 64 km. For the vehicle with a charge-depleting range of 64 km, if the 
vehicle moves a distance less than 64 km a day, then the vehicle will operate in charge-
depleting mode [25].  
Table 1.3. Brief description of the Toyota Prius, which has a series-parallel arrangement 
and utilizes an energy distribution system. 
Parameter Value/specification   
Drive train Front wheel drive  
Power 121 hp 
Gasoline engine  
Power 95 hp @ 5,200 rpm 
Torque 142 N.m 
Fuel tank 43 L 
Electric motor  
Power 71 hp 
Torque 163 N.m 
Battery pack  
Battery type Nickel-metal hydride 
Energy  1.3 kWh 
Voltage  202 V 
Fuel economy  
City  4.3 L/100 km 
Weight 1390 kg 
Power to weight ratio 64.9 W/kg 
 
1.4 Drive cycle 
The pollutants emissions and fuel consumption for conventional vehicles are measured 
using standard driving cycles, such as the new European driving cycle (NEDC). However, 
vehicle manufacturing companies rely increasingly on a more realistic driving cycle such 
as the Artemis cycle. Through a more realistic driving cycle, the Artemis cycle emulates 
the actual performance of vehicles. There are three variations of the Artemis driving cycle: 
urban, motorway and road driving. Also, there are two versions of the motorway cycle, 
differing based on the maximum speed that the vehicle reaches in the cycle (130 km/h or 
150 km/h). Detailed description of the drive cycle and its different modes for those which 
will be considered to evaluate the actual performance of the battery pack thermal 




The latest published research on thermal management systems is mostly on around 
optimizing the current methods for battery cooling such as air and liquid cooling systems. 
However, such systems performance is limited, and those limits can be determined through 
first and second laws of thermodynamics [26]. However, other energy saving and 
performance enhancement methods that are applied in other fields can be adapted into the 
thermal management of batteries, such as integration. Integration is done through various 
ways, such as using the vehicle fuel to cool the batteries and then use it to generate power. 
The example of using the fuel is applicable to hybrid electric vehicles. Other systems can 
also utilize the high heat transfer coefficient of boiling, while boiling is a phase change that 
has high potential of heat removal plus at a constant temperature.  
 All the previous examples and more are different methods to enhance the cooling 
performance of battery thermal management systems thus the performance of HEVs and 
EVs. The aim of this thesis to develop and model novel battery thermal management 
systems that will save energy, enhance the performance of EVs and HEVs and boost their 
market, and most importantly is to reduce the GHG emissions. Finally, the motivation for 
working on this thesis can be summarized in the following bullet points: 
 There is an important need to reduce the EVs and HEVs battery operating temperature, 
including the maximum battery temperature and the maximum temperature difference 
across the battery to achieve a higher battery performance and vehicle performance as 
well through faster charging and discharging. 
 There is an immediate need to reduce significantly environmental impact of fuel 
combustion in the transportation sector (to help mitigate global warming). 
 A need to better understand the unexplored field of integrating the vehicle drive train 
and the battery cooling system to achieve higher cooling performance, energy savings 
and reduce space requirements of the cooling system. 
 A need to better understand the unexplored high heat transfer rate of phase change from 
liquid to vapor (boiling) in battery cooling systems. 
 
1.6 Objectives 
The main objective of the thesis is to conceptually develop novel battery thermal 
management systems that achieve better performance than what is currently developed in 
the literature and analyze them comprehensively for practical applications. The specific 
objectives of the thesis study are detailed as follows: 
 To develop novel battery thermal management systems for EVs and HEVs that will 
take advantage of the high heat transfer rate of the boiling (phase change) from liquid 
to vapor in the thermal management of the batteries, which can be integrated into 
vehicle drive train with the cooling system. The present systems are expected to: 
o attain better performance than the systems proposed in the literature, which are 
mainly the liquid- and air-based systems,  
o reduce the space requirement for the thermal management systems which will 
reduce in reduced overall weight and cost, and  
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o reduce the carbon footprints of the thermal management systems in vehicles 
and make them more environmentally benign.  
 To model, analyze and simulate the performances of the proposed battery thermal 
management systems, and comparatively evaluate them for practical applications. The 
following studies will in this regard be performed: 
o development of electrochemical models for cylindrical and prismatic batteries 
which are considered for the present thermal management systems, 
o validation of the developed electrochemical models with the experimental data 
published in the literature, in terms of cell voltage and battery capacity, 
o development of thermodynamic and heat transfer models for each thermal 
management system to cover the battery internal and external sections in the 
proposed systems, 
o validation of these developed thermodynamic and heat transfer models with the 
experimental data obtained from the literature, in terms of the boiling heat 
transfer fluxes, boiling surface temperatures, and the centerline temperatures of 
the batteries, 
o development of design, configuration and operation related strategies for the 
present battery thermal management systems, 
o examination of various charging and discharging rates including high intensity 
simulation cycles and drive cycles on the performances of the battery packs, 
o investigation of the effects of varying operating conditions and parameters on 
the performances of the proposed thermal management systems, and  
o evaluation of various design criteria, including geometry, on the performances 
of the thermal management systems. 
 To perform an optimization studies on various design, geometry and operation related 
parameters of the proposed thermal management systems, using the iterative 
optimization methods of artificial neural network. 
 To conduct comparative performance assessment studies of the battery thermal 
management systems in terms of temperature and heat transfer rate. Such studies 
include comparisons, evaluations and improvements of the efficiencies of the proposed 
thermal management systems by reducing the maximum prismatic and cylindrical 




Chapter 2: Literature Review 
 
In the recent years and the recent advances in the lithium ion batteries have led to having 
them as the most promising electrical energy storage technology [3]. The main advantages 
that lithium ion batteries have over other rechargeable batteries but not limited to are: 
having higher energy density, has a bad memory effects, lower mass density and finally 
they have a lower self-discharge rates [4]. The main requirements of electric vehicles or 
the main two objectives electric vehicles have to achieve performance that is better than 
conventional gasoline vehicles are the long driving range and the high acceleration [5]. As 
known the starting point that gave the EVs the concentrated attention was the high 
performance EVs, which were able to achieve faster speeds and compete with high 
performance fuel based vehicles. The success in terms of acceleration, speed and efficiency 
of the high performance EVs and high performance hybrid electric vehicles (HEVs) have 
prompted the technology and the development of regular use EVs and HEVs. 
Tesla Model S P100D is the first high performance electric vehicle and a production 
vehicle with a price tag that is comparable to the fuel vehicles. Tesla Model S P100D was 
able to achieve to go from 0 to 100 km/h in just 2.7 seconds [15]. Although, electric motors 
can provide instant torque and high acceleration, their top speed is limited compared to the 
gasoline vehicles. This was one of the motivations that led to the development of the hybrid 
high performance electric vehicles such as the Ferrari LaFerrari [27]. Hybrid high 
performance electric vehicles are those where they use the fuel to produce electrical power 
and the electric motor with its high torque capabilities to achieve a better performance. The 
performance of the electric vehicles including speed, acceleration and overall fuel 
consumption reduction have motivated and encouraged over the world the car 
manufactures to develop EVs and HEVs such as Tesla Model 3, Tesla Model X and others. 
As a results of the advances and the concentration from the car manufactures towards the 
electric vehicles, the research and development have been concentrated in developing the 
batteries technologies in terms of both manufacturing technology and material 
improvement. These are important factors for lithium ion batteries in determining the 
energy density, life cycle and allowable charging and discharging rates, and have been the 
subject of extensive investigations in the last few years [3,6,7]. However, the lithium ion 
batteries performance is sensitive to its thermal behavior, where relatively excessive 
temperature can result in degrading its performance to the level of failure and may reach 
to dangerous levels including explosions. However, battery thermal management has 
received less attention than manufacturing and material issues [8].  
Doughty and Roth [28] highlighted the criticality of the thermal performance of the 
lithium ion batteries for performance. In order to assess the battery temperature effect on 
the capacity of the lithium batteries in terms of its life in terms of the cycle time Ramadass 
et al. [14] experimentally investigated the thermal performance of Sony 18650 at high 
temperatures. Ramadass et al. found that, at higher battery operation temperatures, the 
capacity fade of lithium ion cells accelerates. However, having high operating temperatures 
can result in overheating the batteries, which will eventually will lead to thermal runway if 
the generate heat was not removed effectively and properly [29–31]. Due to the importance 
of the operating temperature of the lithium ion battery on its performance and vehicle safety 
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and performance, improvements are needed in the thermal performance of the battery 
where two main ways of solving the thermal issues of the batteries are to reduce the heat 
generation rate or to increase the heat dissipation rate. 
Charging or discharging the lithium ion battery to generate heat, which can be 
reduced by modifying the internal structure of the battery cell. The part of the battery that 
is responsible for the most of the heat generation by the battery happens on the cell 
electrode, which is mainly due to its resistance to the movement of the electrons and ions 
[3]. Due to the electrode generating most of the battery heat generation rate, reducing the 
size of the electrode through optimizing the internal battery design results in a better battery 
efficiency and thus less heat generation rate. Thus, battery heat generation rates are greatly 
reduced through optimizing the design of the electrode of the battery with the objective of 
minimizing its resistance to electron and ion flow. Reducing the electrode resistance is by 
reducing its thickness. However, increasing the dissipation rate of the heat generation rate 
can be accomplished without modifying the structure of the battery, i.e., by using an 
external procedure using a battery thermal management system (BTMS). The importance 
of BTMSs for achieving an optimum battery operating temperature and maintain it has 
been recognized by many researchers [32–34]. A BTMS can help relieve a lithium ion 
battery of the generated heat and keep its temperature within the optimum operation range, 
without structural or manufacturing modifications to the battery.  
Table 2.1. Main properties of rechargeable batteries used in EVs and HEVs 
Battery type Specific energy 
(mass basis) 
(kJ/kg) 






Zinc-air 828 a  968.4  [35] 
Nickel-metal hydride 288   [36] 
Lithium-ion  334.8 410.4 4000 [37] 
 341.3   [38] 
 432-468 720-1080  [36] 
 540 1080 1000 [39] 
 540-720 1656-2160 b 8-10 years [40] 
Nickel-iron  108-198 216-396 1200-4000 [35] 
Nickel-zinc 216-234 432-468 100-300 [35] 
Lead acid 108-180 216-360 400-600 [35] 
 172.8  800 [41] 
a Highest specific energy on mass basis 
b Highest specific energy on volume basis 
Regarding the second point mentioned earlier, which discussed increasing the heat 
removal rate from the battery, the main objective of that technique is to equalize the battery 
heat generation rate with the heat removal rate through the cooling system. However, with 
the attractiveness that method has over others, it has been noted that TMSs have received 
less attention by the research and development communities when compared with research 
on internal battery modifications. This part of the literature review will look in details in 
the air forced BTMSs, with special attention directed towards the configuration of the 
battery pack including but not limited to: the air delivery to the pack, batteries arrangement 
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in the pack and finally the simulation model used to simulate the thermal behavior of the 
proposed system. The main properties of rechargeable batteries used in EVs and HEVs are 
presented in Table 2.1. From Table 2.1 zinc-air battery specific energy on mass basis 
exceeds that of lithium ion batteries by 15% [35,40]. However, lithium ion batteries have 
the highest specific energy on volume basis, which is the main reason why EVs and HEVs 
manufacturers went with lithium ion batteries for their vehicles as shown in Table 2.1. 
Before going into more in details of thermal management systems and their different types 
including their main categories and the novel proposed systems, new and novel uses of the 
thermal behavior of the battery is presented. It was presented in Dong et al. [42], that the 
thermal behavior of the Li-ion batteries can be used as an indicator to enhance the 
performance of the electrochemical impedance spectroscopy of the battery itself.  
The next section of the literature review chapter presents a review on the most 
recent and novel BTMS systems proposed in the literature, with special focus on the three 
main categories. The comparison between these systems and the details presented focuses 
on the development, simulation model and the investigation approach used to assess the 
performance of the proposed systems, such as experimental, simulation or combined 
approach. 
2.1 Battery Thermal Management Systems (BTMSs) 
Lithium ion battery manufacturing companies build batteries with fixed shapes and 
geometries since they have the ability to be used in a wide variety of applications, ranging 
from laptops to EVs. In some applications of the lithium ion batteries, high-powered 
charging and discharging currents are used, leading to excessive heat generation rates and 
possible excessive operating temperatures. These can increase battery frailty and safety 
hazards. To avoid excessive temperature, build up in high powered operated batteries, a 
BTMS needs to be integrated with the battery pack to maintain the battery operating 
temperature in the safe zone and preferably within the optimum operating temperature 
range. BTMS proposed in the literature considered various operating conditions and 
different battery geometries to achieve the optimum battery thermal performance. The 
proposed BTMSs in the literature can be categorized based on the nature of the coolant 
used in the system, which leads to having three main categories. The three main categories 
are: liquid based, air based, and phase change (PCM) based BTMS. Other systems that 
have been proposed in the literature that do not fall under any of the three main categories, 
are an integration of two or three main system categories. An example for an integrated 
BTMSs is the integration of PCM based systems with air or liquid cooling, where the PCM 
surrounds the batteries, while the air or the liquid cools down the PCM. With that 
configuration the PCM provide a uniform cooling to the battery to achieve high 
temperature uniformity while the high heat transfer coefficient of air and liquid cooling 
systems maintain the battery temperature within the optimum operation range. The coming 
subsections focus on each of the three main categories and on hybrid cooling models.  
2.1.1 Air based BTMSs 
The most adopted cooling technology in daily life is the air based cooling technology, 
which is used in various applications ranging from cooling the electronic internal 
components of computers to vehicle and residential applications [43–47]. The main reason 
behind the excessive use of air based cooling systems is the availability of air. Air based 
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systems can be categorized into two main categories, which are natural and forced air flow 
systems. Natural air flow convection based BTMS are the air system where the air flow 
into the battery pack occurs without consuming energy. However, forced air flow systems 
the air is forced to flow through the pack by a dedicated energy consuming system, which 
is known as forced air convection cooling based BTMS.  
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Most of the proposed air based BTMS fall into the category of forced air convection 
systems, due to their high heat transfer coefficient and have the ability to maintain a 
constant heat transfer coefficient on the batteries in the pack. Some of the advantages that 
forced air based systems have over other cooling systems are the simple configuration, low 
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cost compared, ease of maintenance and ability to cool the batteries to the set temperature 
for most applications. The air based BTMSs proposed in the literature are usually proposed 
for moderate cooling requirements of the battery packs, which are those packs that are 
discharging or charged at low rates. The main differences that were found in air based 
thermal management systems proposed in the literature are three [2,10,55–59,45,48–54]: 
(1) Air flow velocities 
(2) Flow path  
(3) Geometrical arrangement of the batteries in the pack 
Some of the most recent and novel air based BTMSs for lithium ion batteries are 
presented in Table 2.2. Note that Table 2.2 summarizes these systems in terms of the 
analysis method, heat generation source, battery type considered in the study, the variables 
that were considered in the study, the nature of the simulation or test cycle and finally the 
number of the batteries in their proposed pack. Yang et al. [59] proposed an air cooling 
system for cylindrical lithium ion battery packs, where the battery type was 18650 lithium 
ion battery. The proposed configuration arranges the cylindrical batteries axially as shown 
in Table 2.3.  
The main thermal performance measures that Yang et al. used to assess the 
performance of their proposed configuration are the pressure difference across the pack 
and the maximum temperature throughout the pack. The fluid behavior was also 
investigated in terms of velocity and pressure variations across the pack. The thermal 
performance of the battery was measured through three dimensional heat transfer and fluid 
flow modeling, where the heat generation rates are based on a user defined function 
program. The heat generation rates of Yang et al. were based on a pseudo two dimensional 
model of the electrochemical reactions.  
Table 2.3. Detailed presentation of various design configurations proposed in the literature 
that are based on the air flow system. 
Air flow 
system 











-Novel configuration of battery pack, where 
cylindrical batteries are arranged axially 
through the pack and air is forced through 








-Introduction of secondary air vents, where 
different locations were considered.  
-The lowest pack maximum temperature 
achieved was the first location shown in the 










-Air flow is forced vertically through a 
square battery pack configuration.  
-Flow direction and location and pack size 







-Configuration has air flow in axial direction 
through a cylindrical pack.  
 
-Flow configuration results in batteries 
having lowest temperatures at outermost 






-Pack has a rectangular configuration, where 
flow inlet is at one side of the pack and 
outlet is at the other end.  
-Flow configuration has lower temperatures 
through the pack, however the battery in 







Zero spacing between the batteries 
 
-Results in highest battery maximum 
temperature between the considered inter-
cell spacing. 
-Exhibits highest temperature difference and 
average temperature in pack compared to 




 Spacinig is 5.6% of battery radius 
 
-Increasing the spacing between the batteries 
from zero to 5.6% of the battery radius will 
reduce the maximum temperature in the 
pack, the maximum temperature difference 
through the pack and the average 
temperature. 
-Having inter-cell space to be 5.6% of the 
battery radius will results in a lower pack 
average temperature than having large 




 Spacing is 22.2% of battery radius 
 
-Increase spacing to 22.2% of battery radius 
further reduces pack maximum temperature, 
maximum temperature difference through 
the pack, and pack average temperature. 
Exhibits a large drop compared to drop in 




 Spacing is 33.3% of battery radius 
 
-Further increase of space from 22.2% to 
one third of battery radius has a negative 
effect on BTMS performance. 
-Maximum temperature, temperature 







The validation of their model was conducted experimentally, by comparing the 
results with a single battery axial cooling setup with the temperature variation of the battery 
subject to axial cooling. However, one of the disadvantages of the experimental procedure 
followed by Yang et al. [59] is that the temperature sensors where mounted on the batteyr 
surfaces by using a duct tape, which will reduce the cooling capabilities of the proposed 
system due to the thermal resistance of the duct tape. Most of the proposed air based BTMS 
fall into the category of forced air convection systems, due to their high heat transfer 
coefficient and have the ability to maintain a constant heat transfer coefficient on the 
batteries in the pack. Some of the advantages that forced air based systems have over other 
cooling systems are the simple configuration, low cost compared, ease of maintenance and 
ability to cool the batteries to the set temperature for most applications. The air based 
BTMSs proposed in the literature are usually proposed for moderate cooling requirements 
of the battery packs, which are those packs that are discharging or charged at low rates. 
The main differences that were found in air based thermal management systems proposed 
in the literature are three [2,10,55–59,45,48–54]: 
(1) Air flow velocities 
(2) Flow path  
(3) Geometrical arrangement of the batteries in the pack 
Some of the most recent and novel air based BTMSs for lithium ion batteries are 
presented in Table 2.2. Note that Table 2.2 summarizes these systems in terms of the 
analysis method, heat generation source, battery type considered in the study, the variables 
that were considered in the study, the nature of the simulation or test cycle and finally the 
number of the batteries in their proposed pack. Yang et al. [59] proposed an air cooling 
system for cylindrical lithium ion battery packs, where the battery type was 18650 lithium 
ion battery. The proposed configuration arranges the cylindrical batteries axially as shown 
in Table 2.3.  
The main thermal performance measures that Yang et al. used to assess the 
performance of their proposed configuration are the pressure difference across the pack 
and the maximum temperature throughout the pack. The fluid behavior was also 
investigated in terms of velocity and pressure variations across the pack. The thermal 
performance of the battery was measured through three dimensional heat transfer and fluid 
flow modeling, where the heat generation rates are based on a user defined function 
program. The heat generation rates of Yang et al. were based on a pseudo two dimensional 
model of the electrochemical reactions.  
Table 2.3 presents the various novel design configurations which have been 
considered by various researchers with the aim of reducing the maximum pack 
temperature, the maximum temperature difference through the pack and the average 
temperature. The details of the results are basically summarized for each configuration of 




Figure 2.1 Schematic of forced axial flow battery pack configuration, showing the 
designed flow direction, which is forced through the pack to flow in the axial direction of 
the batteries. 
The main parameters Yang et al. [59] considered through the assessment of the 
proposed forced air BTMS are the effect of the radial intervals between the batteries and 
the amount of air injected through the battery pack. All the different cases considered by 
Yang et al. had a common result in which the air velocity increases through the flow 
direction, due to the heat generation by the batteries in the pack. It is known that for a 
subsonic compressible flow, the addition of heat to the flow results in increasing the 
velocity until reaching the sonic conditions. The effect and the location of the air when it 
reaches the sonic conditions in the flow channel should be investigated. Yang et al. [59] 
found that for a specific air flux the radial interval has nearly a negligible effect on the 
maximum temperature in the battery, however the minimum temperature in the battery 
increases as the radial interval increases for all considered air fluxes. Saw et al. [10] 
proposed a novel design for forced air based BTMS for cylindrical lithium ion battery with 
the electrical configuration of 12S2P battery. The pack has 24 batteries, where they are 
arranged in two parallel rows of 12 cells each as shown in Fig. 1. Although the batteries 
are arranged side by side and the battery pack is characterized as parallel air flow pack, the 
novel configuration of the air delivery design of the pack produces an axial flow around 
the batteries. The thermal performance of the battery pack is investigated through three 
dimensional modeling of the 24 cells and the with supporting experimental studies. The 
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heat generation rate was obtained through an accelerating rate calorimeter for charging at 
a constant current rate.  
In Saw et al. [10] work the main parameter that was investigated is the air mass 
flow rate entering the battery pack. They were able to identify the hot and cold spots in the 
pack and on the single battery surfaces. Saw et al. study concluded that as the air flow 
increases the cooling performance is improved while the pressure drop increases. In order 
to predict the transient performance of the battery pack through the use of their validated 
with the literature (in terms of trend) heat transfer coefficient correlation was used, where 
their developed Nusselt number and Reynolds number correlation is as follows: 
Nu = 0.0374 Re0.8014 [10]        (2.1) 
This correlation was validated (in terms of trend) with data from the literature. 
The cooling performance of the proposed battery cooling system by Saw et al. was 
measured under different charging rates. Their numerical model was also validated with a 
series of experimental studies. They concluded that for their proposed design a larger 
powered fan is required in order to achieve the required air mass flow rate input and 
maintain the batteries in the pack temperature under acceptable operating conditions. It is 
important to note that the proposed method in Saw et al. provide a simpler method to 
predict the transient thermal performance of a full battery pack, which is not viable for full 
transient simulation. Wang et al. [53] analyzed the performance of a lithium ion battery 
pack under wide different number of configurations of the location of the fan (provide 
forced air flow) and the air vent, which is the outlet. As shown in Fig. 2 the five different 
configurations of the location of the fan and the air vent of the battery pack. Wang et al. 
followed a similar approach to many other researchers [45,50–52] where the single battery 
is assumed to be a homogenous structure with an internal heat generation rate. In order to 
specify the thermal conductivity and the density and heat capacity of the homogenous 
battery assumption, the effective thermal conductivity and the effective density are 
calculated as follows [49]: 
ρcp = ∑ ρicp,iVii / ∑ Vii         (2.2) 
Here, ρ is the density, cp is the heat capacity, and Vi is the volume of the layer i. However, 
since the battery geometry is cylindrical then the effective thermal conductivity was 
calculated for both axial and radial direction. The main reason for calculating two effective 
thermal conductivities is based on the structure of the cylindrical lithium ion batteries. The 
cylindrical lithium ion battery is made of very thin sheets that are wrapped around a 
cylindrical rode to make a cylindrical structure. The effective thermal conductivity in the 
radial and axial directions are found as follows respectively [48]: 
kr = ∑ Lii / ∑ Li/kii          (2.3) 





Table 2.4. Summary of optimum configurations of battery pack size and shape and number 
of batteries for each configuration category. 
Cell 
arrangement 











One row of 24 
batteries (1 ×
24) 




40 11 35 
Three rows of 8 
batteries each 
(3 × 8) 




39 7.0 34 
Five rows of 5 
batteries each 




34 3.0 33 
Five rows of 5 
batteries each 




34 3.0 33 
Source: Wang et al. [53] 
Wang et al. [53] used four indicators to measure the performance of the BTMS for 
the different number of battery pack size, shape and different locations for the air inlets 
and outlets from the pack.  The four indicators that was defined by Wang et al. [53] are the 
maximum temperature in the battery pack, the maximum temperature difference through 
the pack, the batteries in the pack average temperature, and the space occupancy ratio. The 
space occupancy ratio is defined as the ratio of the volume of the batteries over the volume 
of the pack. For the performance measure indicators, the as the maximum temperature in 
the pack, the maximum temperature difference through the pack and the average cell 
temperature decrease the better cooling the BTMS is providing to the batteries. However, 
as the space occupancy ratio increases the better the BTMS is utilizing the space. For the 
different cooling configurations, the optimum performance for each category is shown in 
Table 2.4. 
Xun et al. [56] investigated the cooling performance and the efficiency of multiple 
cooling configurations for the thermal management of battery packs for cylindrical lithium 
ion batteries and for flat plat battery models through both numerical and analytical models. 
Multiple configurations were proposed and the main operating parameters were 
considered. The heat generation in the study was based on a correlation that relates the 
internal resistance and the change of entropy of the battery with the state of charge as 
follows: 
ST = i
2R − (Tb ΔS̅ i)/nF        (2.5) 
Here, i is the discharging current density (A/m3), n is the number of electrons in the half 
electrochemical reaction, F is the Faraday constant, Tb is the temperature of the battery, R 
is the internal resistance of the battery and ΔS̅ is the change of entropy. The internal 
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resistance R of the battery can be written as a function of the state of charge (SOC) of the 
battery and its temperature as follows: 
R = 2.258 × 10−6SOC−0.3952 at T = 20oC      (2.6) 
R = 1.857 × 10−6SOC−0.2878 at T = 30oC      (2.7) 
R = 1.659 × 10−6SOC−0.1692 at T = 40oC      (2.8) 
Here, the internal resistance has the units of Ω/m3. The change in entropy ΔS can also be 
expressed for several SOC values based on [54] as follows: 
ΔS̅ = 99.88 SOC − 76.67    ( J/molK)    0.00 ≤ SOC ≤ 0.77   (2.9) 
ΔS̅ = 30       ( J/molK)                                 0.77 ≤ SOC ≤ 0.87   (2.10) 
ΔS̅ = −20       ( J/molK)                              0.87 ≤ SOC ≤ 1     (2.11) 
 Xun et al. [56] carried on their investigation for number of different Reynolds 
numbers, where the results were compared and it was concluded that as the Reynolds 
number increases the maximum temperature in the pack decreases, however the 
temperature distribution through the pack becomes uneven. Xun et al. [56] investigated the 
effect of the air flow channel dimensions relative to the battery size and found that it can 
affect the average temperature of the pack which in turn may improve the temperature 
uniformity of the pack. Others considered the effect of the air channel dimensions such as 
Choi and Kang [46], where the channel size effect on the cooling performance of BTMS 
for a prismatic battery pack was investigated. Choi and Kang concluded that narrow 
channel thickness leads to a more lumped system behavior of the battery in the pack. 
2.1.2 Liquid based BTMSs 
Liquid cooling systems has been the most used and popular BTMS so far, and this 
popularity is shown where some of the major EV and HEV manufactures used liquid 
cooling system to maintain their batteries within the optimum operation range [16,61,62]. 
The first ever high performance EV was made by Rimac Automobili in Croatia, and they 
have implemented the liquid cooling system to maintain their batteries at the optimum 
operating conditions [63].  In this section, novel liquid based BTMSs are presented in 
details including system type, the novelty of the study, novelty of the proposed system, the 
analysis method, method used to obtain the battery heat generation rate, battery type, 
coolant material, studied variables, charging and discharging rates and battery pack 
configuration. A summary of the considered studies is presented in Table 2.5, which 
follows a brief description, conclusion and a recommendation the authors of the papers 




Figure 2.2 Variable contact area liquid based BTMS: (a) battery pack configuration and 
(b) different contact areas. 
Rao et al. [64] proposed a novel liquid based BTMS, where the focus was on the 
cooling capabilities of the proposed system. The novelty of the proposed system based on 
Rao et al. is that the contact area, at which the heat is transferred from the battery to the 
coolant liquid is varied along the flow direction in the battery pack as shown in Figure 2.2. 
The coolant in the Rao et al. system flows inside cooling channels that receives the heat 
from the aluminum blocks that in contact with the batteries. The battery pack that was 




Table 2.5. Summary of novel liquid based BTMSs for lithium ion batteries. 
* Experimentally validated 
a Maximum relative error in single battery temperature between the model and the experimental results is 2.4% 
b Average error in temperature prediction is 0.2 K (less than 5%), maximum error is 0.5 K. 
c Average accuracy of electrochemical model is 90%. 
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Figure 2.3 (a) Maximum temperature, and (b) temperature difference in the battery pack, 
for various coolant velocities and design parameter, the aluminum block length (data from 
Basu et al. [69]) 
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In order to investigate the performance of their proposed system, Rao et al. 
simulated the proposed system on ANSYS Fluent 14.5, where the model was validated 
with experimental results at a discharge rate of 3C. Three different contact areas where 
considered as shown in Table 2.5. Rao et al. [64] reached to the conclusion that varying 
the contact area through the battery pack in the flow direction gives the battery pack higher 
temperature uniformity and lower maximum temperature at the same coolant flow velocity 
than the constant contact area packs.  
The details of the results that Rao et al. reached with the different operating 
conditions that they considered are shown in Fig. 3. Where Fig. 3(a) shows the maximum 
temperature in the battery pack for various operating condition of coolant velocity and 
design parameter, the aluminum block length and Fig. 3(b) shows the temperature 
difference within the pack. Panchal et al. [65] investigated the thermal performance of the 
mini-channel cold plate system, with water as coolant for a large sized prismatic lithium 
ion battery. Panchal et al. [65] had previously considered the mini-channel cooling plate 
through extensive experimental and theoretical modeling [25,65,75,76]. The results of 
Panchal et al. [65] study was the following: 
1- Increasing the discharging rate (C-rate) results in increasing the temperature 
distribution within the mini-channel cold plates. 
2- Increasing the discharging rate (C-rate) results in increasing the temperature 
across the battery surface 
3- The surface area closest to the electrodes had the highest recorded temperature 
across the battery surface.  




















0.9C 0.0025 0.01 3250 300.3 1.3 
0.9C 0.0025 V 3250 296.5 + (2.53 V−0.0458)   
1.8C 0.0025 0.01 1610 301.1 3.0 
2.7C 0.0025 0.01 1065 303.1 4.0 
 
Basu et al. [69] proposed a novel battery pack system that uses liquid cooling with 
an aluminum conducting element, where the method used was adapted from the heat pipe 
concept that is used for lithium ion pouch and prismatic batteries as shown in Fig. 4. Other 
advantages to the use of the conducting element is that it also acts as a separator between 
the batteries and the coolant, which avoids contact between the coolant and the electrical 
components in case of a failure such as a leakage in the coolant system. The geometric 
specification of Basu et al. system are: 1.5 mm thick aluminum conducting element, which 
are made of 44 mm height sheets, where the elements arms are separated with 11 mm and 
the cylindrical batteries are separated by 22 mm (measure between the centers of the 
neighboring batteries in each row) and the conducting elements are 38 mm apart [69]. The 
cooling channels are circular with a diameter of 9 mm housed in rectangular pipe with 3 
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mm flange thickness. As presented in Table 2.5, Basu et al. [69] investigated the effect of 
three system variables, where two are operating parameters and one is a design parameter. 
The first investigated variable was the discharge current, where they concluded that the 
cell temperature increases as the discharge current increases. With a starting battery pack 
temperature of 296.5 K, it was shown that the increase in the battery temperature can be 
approximated as having a linear relationship with the discharge rate. Where the other two 
variables were the coolant flow rate and the contact resistance. Note that for the thermal 
contact resistance three different values where considered, where the first is ideal case with 
zero contact resistance, the second case is having a thermal contact and the third is a normal 
contact resistance, the third case was also validated. The results of different combinations 
of these variables is presented in Table 2.6. As shown in Table 2.6, Basu et al. [69] 
presented the results numerically and xy plots for not all combinations of variables, where 
the results of the remaining combinations were presented in figures as shownin Figure 2.3. 
Figure 2.3 shows the effect the thermal contact resistance has on the temperature 
distribution through the batteries in the pack. 
The results of various combinations of these variables are presented in Table 2.6. 
Basu et al. [69] results for the parametric studies they conducted for various operating and 
design parameters, including the length of the aluminum block are presented in graphically 
in Figure 2.3. Figure 2.3 is a web plot where each branch denotes a specific aluminum 
block length in mm, where the different shape and color points denotes different coolant 
inlet velocities and finally the inlet temperature varies throughout each branch in the plot. 
Figure 2.3 shows the geometry of the battery pack integrated with liquid and conducting 
element BTMS that Basu et al. [69] proposed. Figure 2.4 shows the effect the thermal 
contact resistance on the temperature distribution throughout the batteries in the pack. 
Yang et al. [73] proposed the use of the liquid metal as a coolant to replace water 
in a liquid based BTMS. They concluded that, under similar flow conditions, higher 
temperature uniformity can be achieved in the battery pack with lower pumping power 
consumed when liquid metal is used compared to water. Other advantages of using liquid 
metal as a coolant are that it can handle large cooling loads in scenarios such as defects in 
cells, high power draws, and high environment temperatures. These advantages make it a 
promising option for BTMSs. However, a disadvantage associated with using liquid metal 
as a coolant is its high weight, due to the high density of liquid metals. Wang et al. [74] 
proposed a novel liquid based BTMS, where they also considered the vibrations and 
possible collusion between the batteries and the cold plates, which might leads to leakages. 
Wang et al. proposed the use of thermal silica made cold plates with copper pipes 
transporting the coolant (water) through the battery pack and thus cooling the batteries. 
One of their main goals is to avoid rigid objects collusion between the battery and the cold 
plate, and to take advantage of the high thermal conductivity of the silica plates. 
The results of various combinations of these variables are presented in Table 2.6. 
Basu et al. [69] results for the parametric studies they conducted for various operating and 
design parameters, including the length of the aluminum block are presented in graphically 
in Figure 2.3. Figure 2.3 is a web plot where each branch denotes a specific aluminum 
block length in mm, where the different shape and color points denotes different coolant 
inlet velocities and finally the inlet temperature varies throughout each branch in the plot. 
Figure 2.3 shows the geometry of the battery pack integrated with liquid and conducting 
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element BTMS that Basu et al. [69] proposed. Figure 2.4 shows the effect the thermal 
contact resistance on the temperature distribution throughout the batteries in the pack. 
 
 
Figure 2.4 (a) Temperature distribution at several points in time through the discharging 
process. (b) Cross sectional view of the batteries in the pack during the discharging process 
for different thermal contact resistances at a constant discharge rate of 0.9C. (Modified 
from Basu et al. [69]). 
 Although BTMSs must be able to achieve optimum thermal operating conditions 
for the batteries to perform optimally, thermal runaway must also be controlled by the 
BTMS. Thermal runaway occurs when the temperature of the lithium ion batteries raise 
above the allowable operating conditions, which occur when the cooling system is unable 
to effectively remove the generated heat [6,77,78]. Xu et al. [79] proposed a mini channel 
liquid based cooling system that is designed on a battery modular level, where the proposed 
system performance was analyzed for sever conditions of internal short circuit. Internal 
short circuit in batteries can be the results of a manufacturing defects or/and vehicle 
collisions. Xu et al. [79] simulated a battery internal short circuit through employing nail 
penetration. Xu et al. concluded that their proposed system of mini channel cooling system 
was not able to cease the thermal runaway, however it was able to prevent battery fratricide, 
which results from the propagation of thermal runaway between the cells.  
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2.1.3 PCM based BTMSs 
Liquid and forced air based BTMSs are active systems in which power assisted devices 
such as fan, compressor and pump are used to force the flow of the coolant through the 
battery pack [9,50,52,54,80]. Another type of management systems is the passive systems, 
in which the system is not supported with a power assisted devices and it does not require 
a control system to vary the system parameters to achieve the required cooling load 
[13,52,81–83]. An example on the passive cooling systems is phase change material (PCM) 
based BTMS. Although air and liquid based systems ware considered the most effective 
battery cooling methods, they have their drawbacks such as power consumption and 
complex system build up [84]. However, the passive PCM based systems have the 
advantages of large thermal energy storage and zero energy consumption. In the last decade 
many researchers have investigated the PCM based BTMS, where they performed 
experiments as well as simulations to assess the performance of such systems [85–88]. 
However, with the advantages the PCM based BTMS has, they have their own draw backs 
of low thermal conductivity and changes in the volume during phase change. One of the 
main methods that many researchers followed to overcome the PCM low thermal 
conductivity is adding to the PCM a high conductive material that will enhance the overall 
thermal conductivity of the BTMS, such as adding carbon fiber [89], carbon nanotubes 
[90], graphene [91,92], metallic foam/mesh [82,93] and metal particles [94]. Novel PCM 
based BTMSs were proposed to overcome the PCM low thermal conductivity of the PCM 
systems, where the most recently proposed are summarized in Table 2.7.  
Zhang et al. [84] proposed a novel integration between a metal (aluminum) foam 
structure that houses a PCM (paraffin) , where the paper novelty was in proposing different 
metal foam structures and simulating it in a three dimensional model. Zhang et al. 
concluded that the use of a metal foam structure improves the overall thermal performance 
of the BTMS. Between the two metal foam structures, and with the porosity is constant for 
both having a larger interfacial surface area results in a better temperature uniformity in 
the battery pack. The metal foam flow resistance must be taken into consideration when 
designing the foam structure. Wu et al. [95] took advantage of both the large latent heat 
content of PCMs [83,96,97] and the high thermal conductivity of heat pipes [98,99]. Heat 
pipes were shown that they were able to provide a better cooling rate to the batteries better 
than the air and liquid cooling systems [100]. The integrated heat pipe and PCM based 
battery thermal management system that was proposed by Wu et al. is shown in Figure 2.5.  
Bai et al. [101] proposed a battery thermal management system that takes the advantage of 
the high cooling rate of liquid based cooling systems and the high temperature uniformity 
of the PCM based cooling systems, in what they refer to as PCM/water cooling plate 
system. Several design parameters were varied and their effect on the performance of the 
cooling system was investigated. The results showed that most of the heat generated by the 
battery was removed by the water that resides close to the battery electrodes, thus 
decreasing the battery maximum temperature. However, the PCM as shown in system 
schematic in Figure 2.5 was able to improve the temperature uniformity. Bai et al. proposed 





Figure 2.5 (a) Schematic diagram of the proposed battery pack design of Wu et al.; (b) 
working principle of the heat pipe and PCM integrated battery cooling system. (Modified 
from Wu et al. [95]). 
 
Figure 2.6 (a) Schematic diagram of the experimental setup used by Zhao et al. [98]; (b) 





Figure 2.7 Schematic diagram of the integrated shell and tube heat exchanger integrated 
with PCM for cylindrical battery cooling. 
Zhao et al. [102] investigated the performance of a BTMS coupled with a PCM and 
a heat pipe for cylindrical batteries. The coupled PCM and heat pipe system performed 
better than air based systems and PCM based systems for the same conditions. Zhao et al. 
reported a 33.6% reduction of the temperature difference by using PCM and a further 
temperature difference reduction can also be achieved through embedding the heat pipe 
into the PCM. The PCM with an embedded heat pipe is able to maintain a maximum 
temperature difference below 5oC for a longer period of time compared to air and PCM 
only based systems. Much of the research on PCM based cooling systems focused on 
integrating different cooling systems based on coolant type, as shown in Table 2.7. Most 
of the novel proposed PCM based BTMSs used paraffin wax as the PCM.  
Figure 2.8 shows the variation of the melting temperature and the latent heat with 
the length of the alkanes paraffin straight-chain, for various materials. As shown in Figure 
2.8 the melting temperature of the paraffin varies significantly with variation of the length 
of the main chain of the paraffin wax while only a small variation is observed in latent heat. 
Figure 2.8 The latent heat of the paraffin does not change notably as the length of the main 
straight-chain varies, which has led researchers to form paraffin composites in order to 
change its latent heat and thermal conductivity. Table 2.9 presents the thermal conductivity, 





Table 2.7. Summary of novel PCM based BTMSs for lithium ion batteries. 
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Table 2.8. Systems and parameters used to investigate BTMS based on a heat pipe with 
PCM. (data from Zhao et al. [102]). 
Configuration Air velocity (m/s) 
Air cooling 0, 4.3, 6.3, 9.3 
PCM without heat pipe 0 
PCM coupled with heat pipe 0, 2.3, 6.3 (passing through condenser of heat pipes) 
 
 
Figure 2.8 Variation of paraffin melting temperature and latent heat with length of the 
alkanes paraffin straight-chain, for various materials. 
2.2 Closing remarks from the literature review  
Battery performance is greatly affected by operating temperature, and the successful 
control of that temperature improves performance, ensures safe operation and extends 
lifespan. Please note that large portions of the text presented here in this chapter are taken 
from my published paper [107]. 
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Table 2.9. Melting temperature, thermal conductivity and latent heat of various paraffin 
composites 










Paraffin 46-48 0.12 − 0.21  173.4 Kandasamy et al. 
[108] 
Paraffin/SFG75 composite (5%) 56-58 0.316 ±
0.005  
 Lachheb et al. [109] 
Paraffin/SFG75 composite 
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Paraffin (75%)/PSC (25%) 56.3 0.387 165.16 Xiangfa et al. [110] 
Paraffin (60%)/HDPE (40%) 68.3 0.28 51.59 Zhang et al. [111] 
Paraffin (60%)/HDPE 
(20%)/APM (20%) 
74.7 0.29 50.58  
Paraffin (60%)/HDPE 
(15%)/APM (25%) 
81.5 0.34 51.70  
Paraffin (60%)/HDPE 
(20%)/APM (15%)/EG (5%) 
68.8 0.51 51.10  
Paraffin (60%)/HDPE 
(15%)/APM (20%)/EG (5%) 
73.6 0.85 50.58  
Paraffin (98%)/EG (2%) 41.1 0.40 192.6 Sarı and Karaipekli 
[111] 
Paraffin (96%)/EG (4%) 41.0 0.52 188.0  
Paraffin (93%)/EG (7%) 40.7 0.68 181.9  
Paraffin (90%)/EG (10%) 40.2 0.82 178.3  




































































There are three main categories of battery thermal management systems (BTMSs): 
air, liquid and phase change material (PCM) based. Air based cooling systems are usually 
cheaper and more environment friendly during operation, but their cooling ability is less 
than that for liquid cooling systems such as those used in Tesla vehicles. However, liquid 
based BTMSs consume more energy than the other BTMSs, and use space within the 
vehicle for auxiliary components. PCM based systems have the advantages of being 
passive and requiring no power assisted devices. However, PCM systems have some 
disadvantages, including low thermal conductivity, and thus are often unable to remove 
heat from batteries when necessary. Researchers have focused on improving the 
characteristics and behavior of the three main BTMSs in various ways. Most of these 
studies have used simulation. This thesis summarizes in detail the latest BTMSs for each 
of the main types of BTMSs and also discusses a new category of BTMS that integrates it 
with the drive train. The novelty in air based BTMSs lies mainly in the air delivery method 
to the batteries in the pack, where the impact direction of the incoming air and the batteries 
has been the focus of many studies. The impact direction of the air is controlled mainly by 
proposing novel routes the air can follow into the pack with minimum pressure losses, 
although new configurations and arrangement of the batteries in the pack are also proposed. 
The results show that the impact direction is one of the main determining factors of the 
maximum temperature and temperature uniformity in the pack.  
 In liquid based BTMSs, the focus has been directed towards ensuring high 
temperature uniformity throughout the pack, by reducing the thermal gradient, which is 
formed in the flow direction of the liquid coolant. The type of coolant is one of the varied 
parameters, while other variations focused on controlling the contact area or heat transfer 
area between the coolant and the batteries. The goal of controlling the contact area is to 
ensure a lower contact area for the batteries at the start of the pack to those at the end, to 
ensure equal heat transfer rate for all batteries.  
 Overcoming the low thermal conductivity of PCM based systems has been a main 
focus of research on PCM based BTMSs. A wide variety of novel PCM integrations has 
been proposed, aimed at increasing the system’s thermal conductivity. Variations in 
materials and use of composite heat pipes, solid meshes and integration with air and liquid 
based systems, are considered.  
 Finally, the literature review chapter is summarized graphically in Figure 2.9. 
Figure 2.9 starts with highlighting the fact all of the EVs, HEVs, and PHEVs share the 
same two main components, which are batteries and vehicle derive train. The performance 
of the batteries depends on both the battery material and manufacturing technology, and 
the battery thermal performance. The function of battery thermal management systems is 
to maintain the operating temperature of the battery within the optimum operation range. 
Figure 2.9 then categories the available battery thermal management systems into the main 
four system types developed in the literature. The categories are based on the nature of the 
coolant. For each of these BTMSs main advantages and disadvantages are listed within the 
schematic. In the literature these categories were combined in novel systems to achieve a 
better performance and these systems are presented graphically with line connections 
between these systems. Finally, the graphic connects the drive train of the vehicle with the 
cooling system and highlights the gap in the literature and how it can be fixed.    
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Chapter 3: Development of Systems  
 
The focus of this chapter is to describe the various proposed designs of the novel battery 
thermal management systems, which were summarized in the objectives of the thesis. The 
proposed system will be divided into two main categories. The first category is for those 
proposed systems that are vehicle specific. A vehicle specific system is a system where the 
proposed battery thermal management system is an integrated part of the specific vehicle 
type drive train. The second category of proposed battery thermal management systems are 
those who are independent on the vehicle drive train and that they can be used in all 
applications were the thermal performance of the battery needs to be controlled.  
 In this chapter, five battery thermal management systems are proposed and their 
novelty and working principle are explained in details. There are five different proposed 
systems, where some of them are based on the concept of single phase flow through either 
cooling channels or directly through the battery, while others are based on two phase flow 
and a heat transfer medium between the coolant and the battery. Others are based on a static 
boiling pool that can either have a direct contact with the batteries or have a heat transfer 
medium. Others will be passive in their cooling while others are active, where also the 
active systems a passive case study is considered for them. The five proposed battery 
thermal management systems are summarized in Table 3.1. These systems are proposed 
and developed to accommodate the different types of HEVs that have the possibility of 
using their fuel as a coolant and also uses the novel BTMSs category proposed in this thesis 
in both HEVs and EVs. 
Table 3.1. Summary of the five main proposed systems based on coolant type, and its 
applicability to work in EVs and HEVs. 
System Coolant Applicable 
for EVs 
Type of HEVs Detailed description is 
presented in section 
1 H2 No Fuel cell HEV  3.1.1.1 
2 NH3 No Future NH3 fueled HEV  3.1.1.2 
3 Air Applicable1 Pneumatic HEV 3.1.1.3 
4 Propane  Propane fueled HEV 3.1.2.1 
5 R134a2 Applicable 
for all 
Applicable for all 3.2 
1 For EVs that uses a compressor to achieve the required air flow rate, or natural due to the 
movement of the vehicle 
2 The type of refrigerant can also be varied 
While having Table 3.1 describing the different proposed systems in this thesis, 
where they are summarized in terms of the coolant, applicability of the cooling system to 
the vehicle category, and which specific vehicle category it works for. However, more 
details on each system is provided next including the systems properties and specifications 
are presented next. Note that I was able to publish many of the proposed system in this 
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thesis as can be found in the following references [11,107,112–116] and thus portions of 
these papers are used in this chapter and following chapters. 
3.1 Dependence on the Vehicle Drive Train  
As mentioned part of the introduction of this chapter, the following section groups the 
proposed battery thermal management systems that are an integrated part of the vehicle 
drive train. Having the proposed system as an integrated part of the vehicle drive train 
makes it dependent on the drive train components, such as the type of fuel used. This 
section will include subsections that discuss each proposed system and specify the vehicle 
drive train specifications on which the proposed system is dependent. Usually vehicle drive 
train specific systems are proposed for HEVs, where they are designed to recover energy 
losses and insure effective, efficient, and safe thermal management system. 
3.1.1 Carbon free fuel as refrigerant  
This section presents the proposed battery thermal management systems that are part of the 
vehicle drive train specific systems. These systems are specific for HEVs that runs on 
carbon free fuels. The carbon free fuels that are considered are hydrogen and ammonia. 
Hydrogen fueled HEVs are usually called fuel cell vehicles, since the hydrogen is 
converted into electrical energy by oxidizing the hydrogen in the fuel cell. Fuel cell 
vehicles are available and sold commercially by Toyota, where the fuel cell vehicle is 
Toyota Mirai. Other carbon free fuels such as ammonia, which is often used as a chemical 
medium to store hydrogen in more compact and cost effective way. HEVs that are fueled 
with ammonia are still in the research and development stage, however research 
publications are showing a very promising performance [117,118].  
 The next subsections provide more details on the proposed battery thermal 
management systems and how they are specific for different HEVs drive train. The 
subsection will start by providing a brief description and literature review on the type of 
the vehicle that the specific BTMS is designed for, and why such cooling system is 
required. Then the proposed cooling system (BTMS) is described in details including the 
working principle and how it is better and different than currently operating systems and 
how its performance and the working principle of the cooling system and how it is 
integrated with the drive train of the HEV.  
3.1.1.1 System 1 
The recent development and launch of the hydrogen fueled HEV by Toyota, which called 
Mirai [119], has shown its advantages over the fossil fuel based HEVs and EVs. However, 
in hydrogen fueled HEV, fuel cells are supported with batteries in order to aid the fuel cell 
during acceleration and achieve more smooth driving experience. However, the batteries 
in the hydrogen vehicle, requires cooling to maintain safe operation and high performance. 
Since most of the studies in the literature were concerned with the cooling performance of 
the BTMSs, rather than their heating abilities, since the heat function of the BTMS is often 
provided by an electrical heater, this system will propose a BTMS, however the focus will 
be directed towards the system cooling abilities. 
BTMS configuration for prismatic battery pack 
The proposed system uses the fuel of the fuel cell vehicle or hydrogen fueled vehicle to 
cool the batteries, where the hydrogen is later injected into the fuel cell. The compressed 
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hydrogen is passes first through the expander, which will lead to power generation, reduce 
the pressure of the hydrogen leading to a low temperature hydrogen that is ready for battery 
cooling. Since the temperature of the hydrogen coming out of the expander might be very 
low for cooling batteries, i.e. it might cold shock the batteries, it is assumed that the 
connecting channels between the expander exit and the inlet to the pack are long enough 
to heat it up.  
The hydrogen fueled HEV carries highly compressed hydrogen, which is throttled 
down to the operating temperature of the fuel cell, where it is used to produce electrical 
energy to run the electric motors and drive the vehicle or charge the batteries. The hydrogen 
is usually stored in high pressure cylinders, with pressure reaching around 700-875 bar and 
a total of 5 kg of hydrogen for Toyota Mirai [120]. However, the fuel cell operating 
pressure is usually selected to be 2 bar and an operating temperature within the range 30-
80oC, which leads to a fuel stack overall energy and exergy efficiencies of 43.0% and 
43.8% respectively at an exchange current density of 1150 A/cm2  [121]. To achieve the 
fuel cell stack required performance, hydrogen is usually throttled down from the tank 
pressure to the operating pressure of the fuel cell. However, fuel cell vehicles such as 
Toyota Mirai also uses batteries to achieve the required vehicle performance such as high 
rates of accelerations since the fuel cell dynamic response is slow compared and they are 
usually running on a constant power. Running the fuel cell on constant power means that 
for accelerations or other high power demanding activities the batteries are used to supply 
the surplus to the power generated by the fuel cell stack. Also the batteries are charged with 
the excess power for cases where the required power load is less than that generated by the 
fuel cell stack. Batteries in the fuel cells are also used to benefit from regenerative breaking. 
Through the operation of the fuel cell vehicles, the batteries are charged and discharged at 
different stages. When batteries are charged and discharged, they generate heat, which will 
cause the operating temperature of the batteries to raise unless the generated heat is 
removed. This thesis propose a hydrogen based cooling system for fuel cell vehicles. The 
proposed cooling system uses a turbo expander to reduce the pressure of the hydrogen from 
the tank pressure to the operating pressure that will results in the required hydrogen 
velocity through the battery pack. The expanded hydrogen leaves the expander at a very 
low temperature, which is then fed to the battery pack cooling system, which heats up while 
cooling the batteries in the pack to maintain its operation temperature within the optimum 
operating conditions. The heated hydrogen exiting the battery pack is either fed directly to 
the fuel cell stack or stored temporary in a storage tank before it is fed to the fuel cell stack. 
A schematic presentation of the hybrid fuel cell vehicle that is integrated with the proposed 
cooling system is shown in Figure 3.1. Having the hydrogen slightly heated above the 
ambient temperature as it is fed to the fuel cell achieves the required operating conditions, 
according to Ezzat and Dincer [121].  
Figure 3.2a shows a schematic diagram of a prismatic battery pack integrated with 
the proposed cooling system including the overall dimensions of the battery pack. In the 
battery pack, the prismatic batteries are arranged to have a consistent arrangement of two 
batteries followed by a hydrogen cold plate. 
The cold hydrogen (the hydrogen exiting the turbo expander) enters the battery 
pack from the bottom right corner as shown in Figure 3.2a, where it fills the supply channel 
with a pressurized cold hydrogen. The cold hydrogen flow through the cold plate, where it 
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cools the battery and gets heated. Note that there is no direct contact between the cooling 
hydrogen and the battery at any point through the cooling process, where aluminum cooling 
plate is used to conduct the heat between the hydrogen and the battery as shown in Figure 
3.2b. The heated hydrogen is collected in the collection channel located on the top left 
corner of the battery. The heated hydrogen is carried through the collection channel to 
outside the battery pack, where it then sent to the intermediate or temporary storage tank 
shown in Figure 3.1. The hydrogen cold plate, where the hydrogen flow inside it is made 
of aluminum with thickness equal to the thickness of single prismatic battery, which is 7 
mm. Where the overall dimensions of the considered prismatic li-ion battery are shown in 
Fig. 2b are based on the prismatic battery considered in Chen et al. [103].  
 
Figure 3.1 Schematic of the fuel cell based hybrid electric vehicle equipped with throttled 
hydrogen battery cooling system (note that the location of the vehicle drive train 
component are based on Toyota fuel cell vehicle Mirai [120]). 
 
Figure 3.2 (a) Schematic diagram of the hydrogen cooled based cooling system for fuel 
cell vehicles and (b) overall dimensions of the considered prismatic battery. 
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Regarding the design of the cooling plate of the hydrogen cooled battery pack, five 
different designs were considered by changing the volume of the cooling hydrogen channel 
in the cooling plate. First the five generated designs aim to vary the contact time of the 
cooling hydrogen and the different parts of the battery through the thin aluminum cooling 
plate. Where the aim is to reduce gradually with different design the contact time between 
the hydrogen and the battery at the location were the cooling hydrogen enters and increase 
it at the exit of the cooling plate. The different designs were simulated for the highest 
battery heat generation rate for a 300 seconds of discharging and 300 seconds of charging 
at a current rate of 4C in a steady state conditions. A charging current of 1C will be able to 
completely charge an empty battery in one hour, and a discharging current of 1C will 
completely discharge a fully charged battery in one hour, where the battery capacity is 1Ah. 
Regarding the operating conditions, the hydrogen temperature entering the battery pack is 
varied through the varying the exit pressure of the turbo expander and insulation of the 
hydrogen pipe to heat up the hydrogen from the surrounding environment (assumed 
constant at 25oC). 
BTMS configuration for cylindrical battery pack 
This section will propose a battery pack integrated with a cooling system that utilizes the 
cold hydrogen that is produced when the highly compressed hydrogen in the fuel tank is 
reduced to the fuel cell operating pressure. Where the cold hydrogen will be used to 
maintain the operating temperature of a cylindrical battery pack within the optimum 
operating range. The design will have to accommodate the nature of the arrangement of the 
cylindrical batteries in the pack.  
The proposed design will be designed to avoid the cooling hydrogen in having a 
direct contact with the batteries. Such configuration can be developed to have a heat 
exchanger between the cold hydrogen and forced or natural flow of air. The air exiting the 
heat exchanger will be at a cold temperature enough to cool the batteries to a temperature 
within the optimum operation range.   
 
Figure 3.3 Schematic diagram of ammonia based hybrid electric vehicle, for which the 
proposed boiling ammonia based cooling system is simulated. The electrical generator 
presented here is any device that can convert the ammonia vapor to electrical energy, for 
example with the ammonia fuel cell proposed in [28] or with internal combustion engine 
as proposed in [26,27].  
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3.1.1.2 System 2 
These type of systems are proposed as novel PCM based battery thermal management 
system design, in which the phase change material is ammonia. The PCM changes phase 
from liquid to vapor by absorbing part or all of the heat generated by the battery. The 
performance of the proposed design is assessed in terms of the thermal characteristics of 
the lithium ion batteries in the battery pack. The proposed system is intended for the use in 
future hybrid electric vehicles that use a carbon free ammonia as a fuel.  
Such vehicles are intended to be environmentally benign and are under 
development and investigation at the University of Ontario Institute of Technology 
[117,122,123]. The proposed system has advantages of liquid cooling systems, in terms of 
high heat transfer rate, the air cooling systems, in terms of not requiring supporting systems 
to reject heat and reuse the coolant, and typical phase change systems, in terms of constant 
phase change temperature 
BTMS configuration for prismatic battery pack 
Figure 3.3 shows a schematic diagram of a future ammonia based HEV. The ammonia fuel 
is converted to electrical energy to either drive the vehicle, contribute to the overall 
electrical requirements of the vehicle or charge the batteries. In the proposed BTMS, liquid 
ammonia from the vehicle tank is sent to the battery pack where it absorbs the heat 
generated by the batteries and produces ammonia vapor. 
 
Figure 3.4 Schematic of (a) considered prismatic battery including its dimensions, and (b) 
design of the battery pack integrated with the proposed ammonia based cooling system. 
The vapor ammonia produced by the boiling is collected through a pressure 
regulator and a vapor collection system, where the vapor is sent to the ammonia fueled 
based electrical generation system. The ammonia based electrical generation system can 
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be for example ammonia fueled internal combustion engine or ammonia fed fuel cell 
system based HEV proposed by Ezzat and Dincer [117]. The proposed system working 
principle is illustrated in Figure 3.4 where a pool of liquid ammonia is either in direct or 
indirect contact with the surfaces of a battery in the pack. The batteries are arranged so that 
after each two batteries there is a cooling space where the ammonia pool is located and the 
ammonia vapor is allowed to travel upward through the pack. The proposed system is based 
on pool boiling of liquid ammonia, where the batteries are partially submerged in the 
boiling ammonia pool. The ammonia pool boils by absorbing the heat generated by the 
battery, cooling the battery and releasing ammonia vapor. Due to gravity and the pressure 
regulator and vapor ammonia collector device, the ammonia vapor travels up the pack 
cooling the uncovered part of the battery. The vapor ammonia is collected and then sent to 
the ammonia electrical generator, which produces electrical energy that is used to charge 
the batteries, drive the electrical motor, or supplement the electrical power coming from 
the batteries for driving the vehicle. Figure 3.4(a) illustrate how the internal structure of 
the ammonia based HEV is connected and how the ammonia from the fuel tank is sent to 
the battery pack to cool them and the generated vapor is sent to the fuel vehicle engine. 
Figure 3.4(b) shows the overall dimensions and geometry of the proposed boiling ammonia 
based cooling system, which are adapted from Chen et al. [103]. It is seen in Figure 3.4(b) 
that the produced ammonia vapor leaves the pack from one of the sides of the pack. Also, 
the design of the proposed battery pack and cooling system shown in Figure 3.4 is observed 
not to depend on a specific number of batteries in each pack and instead to be very flexible. 
BTMS configuration for cylindrical battery pack 
Figure 3.5 shows a future ammonia based HEV vehicle that runs on using heat from 
ammonia combustion and electrical energy stored in batteries.  
 
Figure 3.5 Schematic diagram of the ammonia based future hybrid electric vehicle in 
which the proposed boiling based battery cooling system is employed. 
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In the proposed battery thermal management system, the pressurized liquid 
ammonia is used first to maintain the temperature of the battery in the optimum operation 
range, by absorbing the thermal energy generated by the batteries and evaporating. Then, 
the ammonia vapor is sent to the ammonia internal combustion engine (IC). The IC engine 
with an electrical generator produces electrical power, which is either stored or used 
directly to drive the vehicle via the electrical motor. In HEVs, and EVs the lithium ion 
batteries are grouped in packs. The proposed pressurized ammonia based battery cooling 
system is shown in Figure 3.6(a). Cylindrical 18650 lithium ion batteries are used here, 
arranged in a rectangular pattern and partially submerged in pressurized saturated liquid 
ammonia (PSLA). The PSLA absorbs the heat generated by the cells as it evaporates, 
maintaining the temperature of the battery. The heat generated by the battery cells are 
removed by ammonia via two heat transfer modes: boiling (for the area of the battery 
covered by PSLA) and forced convection (for the ammonia vapor transferring heat from 
the unsubmerged part of the battery). The evaporation of the PSLA generates ammonia 
vapor that flows along the uncovered part of the battery and cools it. It then passes through 
a pressure regulator and into a collection tank. After a specific amount of ammonia vapor 
accumulates in the collection tank, the ammonia vapor is then sent to the IC engine, which 
generates electrical power. Figure 3.6(b) provides the dimensions of the battery pack 
shown in Figure 3.6(a). 
 
Figure 3.6 PSLA for cylindrical pack design, (b) dimensions of the thermal management 
system and the battery. 
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3.1.1.3 System 3 
In the process of providing alternatives to the conventional fossil fuel vehicles. Alternative 
vehicle systems are electric vehicles (EVs), which are fuelled with electrical energy 
recovered from batteries, and pneumatic vehicles are fuelled with work produced when the 
compressed air pressure is reduced through a turboexander. However, due to the driving 
range limits of EVs and pneumatic vehicles, hybrid electric vehicles (HEVs) were 
introduced to reduce the overall harmful emissions and achieve longer driving range than 
EVs and air based vehicles. An air based HEV is a promising technology, in which 
pneumatic motors and electric motors fuelled with compressed air and batteries receptivity 
was proposed in the literature. In air based HEVs, batteries are often cooled using battery 
cooling system similar what is being used in EVs, which often reduces the vehicle 
performance due to the energy and space consumption by such systems. This thesis 
proposes a new novel battery cooling system, in which the batteries are cooled by the 
expanded compressed air through the pneumatic motors. The proposed system saves 
energy and space by taking advantage of the drive train of air based HEV.  
 
Figure 3.7 Schematic of the pneumatic hybrid electric vehicle where the compressed air is 
used to partially power the vehicle and provide cool air to the battery cooling system. 
The pack will be designed to utilize the cold air supplied from the turboexpander, 
which generate a driving power to drive the vehicle. In this section two different proposed 
design will be applicable for both battery packs of prismatic and cylindrical batteries. Note 
that the battery pack design for both the prismatic and cylindrical cooling are those the 
same developed and optimized for the hydrogen cooling system where the reader can refer 
to section 3.1.1.1 for more details. Note that the results of the air system will be presented 
in the conclusion and the results and discussion with the hydrogen forced flow system. 
3.1.2 Fossil fuels as refrigerant  
HEVs such as Chevrolet Volt uses gasoline as the fuel part of the hybrid system, other 
HEVs uses different types of the fossil fuels, such as propane. Propane and other fossil 
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fuels have a phase change temperature around an ambient temperature at moderate 
pressures. This advantage will help in reducing the energy consumption caused by the 
cooling system and save space while achieving a better performance. This section will 
propose various battery pack designs that will utilize the vehicle fuel in cooling the 
batteries; later they are consumed by the engine to produce power.  
3.1.2.1 System 4 
In this section, PCM based battery thermal management systems are proposed, where the 
PCM is propane and phase change occurs between the liquid and vapor phases, is evaluated 
for cooling prismatic lithium ion batteries. The cooling system that utilizes propane is 
proposed for HEVs that use propane as an energy source along with electrical energy 
supplied by the batteries. Having the PCM change phase from liquid to vapor results in a 
much higher heat transfer coefficient compared to air and liquid cooling systems; thus the 
PCM based cooling system has the advantage of the high heat transfer coefficient of liquid 
systems and the simplicity of air systems. The high heat transfer coefficient is due to the 
pool boiling of the propane to cool the batteries. The propane vapor is later collected and 
used to produce electrical power through the internal combustion engine part of the HEV, 
reducing the overall vehicle emissions significantly. 
BTMS configuration for prismatic battery pack 
The propane based HEV uses the propane vapor as the fuel feed to the internal combustion 
engine to produce electrical power, for either charging the batteries or direct use in driving 
the vehicle by with the electric motor. The propane based HEV is shown in Figure 3.8, 
where the prismatic battery pack is seen to be located close to the pressurized liquid 
propane tank. In the proposed battery thermal management system, saturated liquid 
propane is used to maintain the temperature of the batteries in the pack within the optimum 
operation temperature range by absorbing thermal energy generated by the batteries and 
evaporation.  
 
Figure 3.8 Schematic of the propane based hybrid electric vehicle equipped with boiling 




Figure 3.9 Schematic of the battery pack design that uses the proposed thermal 
management system: (a) pack design, (b) dimensions of the considered lithium ion 
prismatic battery and the thermal management system and the battery. 
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The lithium ion prismatic battery pack shown in Figure 3.8 is connected to a 
propane vapor collector and a pressure regulator, which collects the propane vapor and 
discharges the collected propane vapor to the internal combustion engine (ICE) via the 
injector at its operating pressure. Other components in the HEV shown in Fig. 1 are the AC 
to DC converted, and the vehicle radiator that cools the ICE of the vehicle. Having the 
propane in the slightly superheated state as it is fed to the ICE increases the engine 
combustion efficiency, according to Rowley [124]. Rowley proposed using the exhaust 
thermal energy to evaporate gasoline so it is injected into the engine in vapor form. 
Rowley’s experiments showed that the overall fuel combustion efficiency increased by 5.5 
kilometers per liter of fuel when the gasoline was injected in the vapor phase. Rowley also 
considered the case where gasoline vapor is first converted to propane vapor through a 
conversion device and then fed to the engine. 
BTMS configuration for cylindrical battery pack 
Figure 3.10 shows a schematic diagram of the HEVs in which the proposed battery thermal 
management system is to be used. The liquid propane which is the fossil fuel part of the 
HEV is used first for cooling then for combustion to produce electrical power that either 
charges the batteries or drives the vehicle. In HEVs the batteries are grouped in battery 
packs. Figure 3.11(a) shows the schematic diagram of the propane based thermal 
management system proposed in this thesis. The cylindrical batteries are arranged in an 
array format where part of the cylindrical batteries are submerged in the liquid propane.  
 
Figure 3.10 Schematic diagram of the hybrid electric vehicle on which the proposed 




Figure 3.11 Schematic of the battery thermal management system: (a) design, (b) 
dimensions of the cooling system and the battery. 
The thermal energy generated by the cells is transferred to the propane, which cools 
the batteries in the pack. The thermal energy generated by the cells is removed by the 
surrounding propane via two heat transfer modes. The first mode involves boiling the liquid 
propane, where the level of the propane in the battery pack is maintained by the propane 
tank in the HEV. The propane in the vapor phase, which results from boiling of the liquid 
propane produces an upward flow due to the buoyancy force and the pressure difference 
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made by the propane injectors, which inject the vapor propane into the combustion 
chambers of the electrical generator in the HEV. Before the propane injectors there is a 
regulator tank that stores the propane vapor before sending it to the injectors. The upward 
flow of the vapor propane in the battery pack cools the reaming part of the batteries that 
are not submerged in the liquid propane. There are a total of nine batteries in the battery 
pack considered in this thesis. 
3.2 Independent on the Vehicle Drive Train 
This section is discussing the development of novel battery cooling systems that are not 
vehicle drive train specific, where they can be used to maintain the operating temperature 
of any battery pack in any vehicle including EVs and HEVs.  
3.2.1 Halocarbons as refrigerants 
Halocarbons can be categorized into five main categories, which are Chlorofluorocarbons 
(CFCs) and Bromofluorocarbons (BFCs), Hydrochlorofluorocarbons (HCFC), 
Hydrofluorocarbons (HFCs), Azeotropic mixtures and Zeotropic mixtures. The HFCs are 
one of the most commonly used refrigerants in air conditioning systems in vehicles, and 
residential applications. In this section, an independent battery cooling system on the 
vehicle drive train that utilizes the Halocarbons is proposed, where the halocarbons are 
used to cool the batteries and then recycled to be used again.  
3.2.1.1  System 5 
In this section, the aim of the proposed system designed for EVs, is to exploits the 
advantages of boiling based BCSs. In the proposed system the batteries in the pack are 
partially submerged in the coolant, R134a. The PCM selected is refrigerant R134a, which 
boils to produce vapor and cools the batteries in the pack. The generated vapor is slightly 
superheated by cooling of the unsubmerged part of the battery in the pack. Then 
superheated vapor is condensed by the vehicle cabin cooling system.  
 
Figure 3.12 Schematic diagram of the internal structure of the electric vehicle that uses the 
refrigerant based battery thermal management system. 
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The performance of the proposed BCS is investigated through a charging and 
discharging cycle of 600 seconds (300 seconds each). The selected performance measures 
include the thermal characteristics of the lithium ion batteries in the battery pack. The aim 
is to propose a BCS that uses refrigerant cooling in EVs. Figure 3.12 shows a schematic 
diagram of the internal structure of an electric vehicle with the refrigerant based thermal 
management system installed to maintain the thermal performance of the batteries within 
the acceptable operation range. In Figure 3.12 it shows that the refrigerant supply tank 
supply the coolant to the battery pack at a specified pressure. The battery packs have the 
upper collection chamber that collect the vapor refrigerant where it cooled and recycled 
into the pack again. 
BTMS configuration for prismatic battery pack 
System 5 configuration to cool battery pack that are prismatic in shape will be proposed in 
this subsection. One of the designs of the battery cooling system that uses the liquid 
refrigerant pool is similar in geometry to the system 4 design as shown in Figure 3.9.  
 
Figure 3.13 (a) Schematic of a single battery with a refrigerant R134a cold plate and how 
the recycling system keeps the loop of the coolant closed, and (b) a section cut showing 
the connection between the cooling plate and the battery. 
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However the R134a design features a recycle channel where the vapor R134a is cooled to 
condensation through the use of the external cooling source such as the environment air 
when the environment temperature is lower than the saturation temperature of the pool at 
the selected operating pressure. Another source of cooling is the air conditioning system of 
the vehicle. The schematic of the R134a based prismatic battery pack cooling system is 
shown in Figure 3.13. Figure 3.13 shows that the height of the pool in the pack where it 
can be also varied based on the control system for the supply. Note also the way the cooling 
plate that houses the liquid refrigerant it can also be a passive coolant supply system.   
BTMS configuration for cylindrical battery pack 
A schematic diagram of the proposed refrigerant based battery cooling system (BCS) for 
EV battery packs is shown in Figure 3.14. Figure 3.15 shows a perspective and three views 
of the proposed refrigerant based BCS for the case where the batteries in the pack are 
cylindrical.  
 
Figure 3.14 (a) Three dimensional rendering of the working principle of the proposed 
cooling system (system 5 for cylindrical batteries). (b) batteries are separated by one 
battery radius, and (c) a compact design with 10% of a battery radius in one direction and 
20% in the other direction. 
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The BCS refrigerant is R134a. Note that the type of refrigerant used in the proposed 
BCS does not have the limitation of needing to be the same as the fuel used in the HEV. 
The detailed working principle of the proposed BCS is illustrated in Figure 3.15. The 
refrigerant R134a is supplied in the liquid phase from a pressurized tank. The liquid 
refrigerant partially or fully surrounds the batteries in the pack, and the refrigerant height 
in the pack is maintained by a liquid height controller. The liquid refrigerant is in a direct 
contact with the surface of the batteries as shown in Figure 3.15. When the batteries in the 
vehicle pack are charged or discharged, their temperature rises due their heat generation. 
This causes the refrigerant surrounding the batteries to start to boil by absorbing part of the 
generated heat by the batteries, which in turn cools the batteries in the pack. The generated 
refrigerant vapor is superheated by cooling the uncovered part of the battery through 
natural convection. Then the superheated R134a vapor leaves the pack and enters a return 
channel. The return channel with the car air conditioning system condenses the R134a. The 
R134a condensate is returned to the R134a tank for reuse in cooling the batteries. The 
saturation temperature is selected to be 30oC, for which the corresponding saturation 
pressure is 771 kPa. This saturation temperature is selected to maintain the pack 
temperature within the optimum operation range and to permit use ambient air or vehicle 
cabin cooling air to condense the evaporated R134a. 
 
Figure 3.15 Schematic diagram of refrigerant R134a refrigerant based battery thermal 
management system for electric vehicles showing the working principle of the system. 
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3.3 Closing remarks 
This chapter have focused on describing the various proposed designs of the novel battery 
thermal management systems, which were summarized in the objectives of the thesis. The 
proposed systems were divided into two main categories based on their role in the vehicle 
drive train. The first category is for those proposed systems that are vehicle specific. A 
vehicle specific system is a system where the proposed battery thermal management system 
is an integrated part of the specific vehicle type drive train. The second category of 
proposed battery thermal management systems are those who are independent on the 
vehicle drive train and that they can be used in all applications were the thermal 
performance of the battery needs to be controlled. The following two chapters (4 and 5) 





Chapter 4: Analyses and Optimization  
 
The performance of the proposed battery thermal management systems are analyzed and 
optimized in this chapter. In order to analyze and then optimize the proposed systems, the 
battery and the proposed thermal management system are model, simulated and analyzed 
in Comsol Multiphysics and Engineering Equation Solver (EES). The performance is 
measured through an integrated electrochemical and heat and mass transfer model. This 
chapter first introduces the built models, the electrochemical and heat transfer models, then 
the environmental effect of the proposed systems are considered and finally the 
optimization study including the method, objective functions and the variable ranges are 
discussed.  
 




All the proposed systems share the same modeling methodology of using two models with 
different physics simulated simultaneously to accurately and computationally cost 
effective the performance of the battery pack and thermal management system and flow 
sheet of this modeling methodology is presented in Figure 4.1. As shown in Figure 4.1 the 
electrochemical model receives the simulation cycle in terms of the cycle current or the 
power drawn or delivered to the battery pack. As shown in Figure 4.1 the model starts with 
the drive test cycle, which can be presented in terms of intense charge and intense discharge 
or through a realistic drive cycle. The simulation test cycle can be in power required to 
charge or the power absorbed from the batteries to drive the vehicle or the charging and 
discharging current as shown in the top right corner of the flow chart. The electrochemical 
model simultaneously sends the volumetric heat generation rate per each second or solution 
step to the heat transfer and fluid flow model, which sends the average cell temperature 
back to the electrochemical model. As mentioned earlier a set of material properties as well 
as heat transfer correlations are generated by EES and used in the heat transfer and fluid 
flow model as shown in Figure 4.1. The results regarding the thermal performance of the 
battery pack are generated from the heat transfer and fluid flow model, where those related 
to the electrochemical performance of the pack such as the state of charge of the battery 
are generated by the electrochemical model. The optimization is carried out with the help 
of Matlab and the optimization results are presented throughout the analysis and results of 
the proposed systems.  
4.1 Electrochemical analysis 
This section presents the electrochemical modeling and model development process, where 
the model is built to analyze the electrical performance of the batteries in the pack. The 
electrochemical model of the battery provide the heat generation rate produced by the 
battery as a results of its electrochemical reactions and its internal resistance to the current 
flow. The heat generation is one of the links between the two main models, the 
electrochemical and heat and mass transfer models. The two models together are used to 
simulate the performance of the proposed systems. The other link between the two models 
will be temperature of the battery, which is determined by the heat and mass transfer model 
and then transferred to the electrochemical model. In the literature, the main goal of the 
electrochemical model of the battery is evaluate the variable heat generation rate. Various 
methods were proposed in the literature to evaluate the transient heat generation rate of the 
battery other than simulating the actual performance of the battery electrochemically.  This 
chapter will start by presenting the properties of the batteries considered in this thesis, 
including material, thermophysical properties, and geometric properties. Then it will list 
assumptions considered for the modeling the battery electrochemically. Following the 
assumption is the electrochemical modeling procedure, steps and governing equations and 
finally the results from the electrochemical model are validated with experimental and 
simulation results published in the literature.  
In the previous section it was presented that the heat generation depends on the 
electrochemical properties and reaction occurring in the battery during the charging and 
discharging of the battery. This section summarizes the governing equations of the 
developed one dimensional electrochemical model, which is used to find the heat 
generation rate during the charging and discharging process, which is fed to the three 
dimensional heat and mass transfer model. Further details of the electrochemical model 
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including the description of the material properties of different parts of the battery can be 
found elsewhere [67,68,125]. 
4.1.1 Prismatic battery electrochemical model  
As mentioned earlier and presented in Figure 4.2, the positive and negative porous 
electrodes separated with the separator make the layered structure of a single battery cell. 
A pseudo-homogeneous mixture describes the porous electrode structure, which consist of 
polymer matrix, conductive filler, active insertion material and non-aqueous liquid 
electrolyte [67,68,125]. The separator in the battery cell is a multicomponent structure of 
a plasticized electrolyte. The separator plasticized electrolyte is made of five different 
species and they are two liquids, an anion, a cation and a polymer, where more details on 
their properties and their thermophysical behavior during the charging and discharging can 
be found elsewhere [67,68,125]. The one dimensional electrochemical model governing 
equations can be summarized in terms of the variation of the salt concentration through the 
battery cell electrodes and separator. The salt concentration in the electrode solution phase 
varies with time as follows: 
∂bs
∂t





)     (4.1) 
where bs is the salt concentration, t is time, Ds is the salt diffusion coefficient, a is the 
specific interfacial area, i2 is the superficial current density and jn is the pore wall flux of 
lithium ions. The subscript + refers to the positive electrode and – refers to the negative 
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where the superficial current density (i2) is expressed as follows: 









) (1 − t+
0 )∇ ln bs    (4.3) 
Here, k presents the electrolyte ionic conductivity, R is the universal gas constant, T the 
absolute temperature, F is Farday’s constant, which has a value of 96,587 C/mol, f is the 
activity coefficient, and ϕ is the electrical potential of the electrode solution phase. The 
effective electrolyte ionic conductivity (k) can be presented in terms of the phase volume 
fraction and the effective conductivity of the liquid/salt/polymer system as follows: 
k = ϵ3.3k0          (4.4) 
where ϵ is the volume fraction of the liquid/salt/polymer and k0 is conductivity of the 
liquid/salt/polymer system, which can be presented as a function of the salt concentration 
temperature, and the solvent ratio of ethylene carbonate (EC) to dimethyl carbonate 
(DMC). For a liquid/salt/polymer system with 2:1 v/v mixture of EC to DMC at a 
temperature of 25oC, its conductivity is calculated as follows: 
k0 = 4.1253 × 10
−4 + 5.007 × 10−3bs − 4.7212 × 10
−3bs
2 + 1.5094 × 10−3bs
3 − 1.6018 × 10−4bs
4  
           (4.5) 
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Since the above equation is a correlation then, the units that should be used are, bs is the 
salt concentration in mol/dm3 and the resulting conductivity is in S/cm. However, for 
liquid/salt/polymer systems with 1:2 v/v mixture of EC to DMC, which is used in several 
LiPF6 cells, the conductivity can be defined as follows: 
k0 = 1.0793 × 10
−4 + 6.7461 × 10−3bs − 5.2245 × 10
−3bs
2 + 1.3605 × 10−3bs
3 − 1.1724 × 10−4bs
4  
           (4.6) 
 The relationship between the composite electrode solid matrix superficial current 
density and its electrical potential can be presented as follows: 
i1 = −σ∇ϕ1          (4.7) 
where i1 is the superficial current density, ϕ1 is the electrode potential and σ is the solid 
matrix electronic conductivity. The lithium concentration in the electrode solid matrix can 











]        (4.8) 
where DLi is the lithium diffusion coefficient of lithium through the solid phase of the 
composite electrode. The dimension in through the thickness of the battery cell layers is 
denoted as r, which the same dimension the developed one dimensional electrochemical 
model is considered. Note that r is selected arbitrary to present that direction and it does 
not refer to a cylindrical coordinates, rather it is in the same as the y direction shown in 
Figure 4.2.  
 The governing equations defining the solution and solid phases of the composite 
electrodes are related through boundary condition and the Butler-Volmer kinetics 
expression. The boundary condition used to relate the two phases of the electrode is on the 
outer surface of the electrode and it can be written as follows: 
∂bs
∂r
= −jn/DLi          (4.9) 
where r here is the same cell dimension used in equation (19), and jn is the pore wall flux 
of lithium ions.  

















Voc))            (4.10) 
where bLi is the lithium concentration in the solid, bi is the salt concentration in layer i, η 
is the electrode potential and VOC is the open circuit voltage. H presents the product of the 
forward and backward reaction constants, which are raised to the power that are derived 
from the charge transfer coefficient at the electrode surface. The electrode potential is 
calculated as follows: 
η = ϕ1 − ϕ2          (4.11) 
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where ϕ1 and ϕ2 are the electrical potential of the solid and solution phases of the 
composite electrode. The parameter H is related to concentration of different species 
including the lithium ions and the insertion process exchange current density of the 




0.5       (4.12) 
where bt is the maximum slat concentration in the intercalation material.  
 
Figure 4.2 Dimensions of the modeled and simulated lithium ion prismatic battery and the 
selected boundary conditions for the one dimensional electrochemical model. 
4.1.2 Cylindrical battery electrochemical model 
The electrochemical reactions occur in the active part of the battery, which consists of 
sheets wound around a nylon mandrel to form a cylindrical structure as shown in Figure 
4.3. There are three types of sheets that make up the active part of the battery: the porous 
positive electrode, the separator and the porous negative electrode. The cylindrical 
structure that forms the active part of the battery is incased in a metallic canister, which is 
0.25 mm thick and made from steel. Figure 4.3 illustrates the cylindrical Li-ion battery 




Figure 4.3 Dimensions of the modeled and simulated lithium ion cylindrical battery 
(battery type 18650) and the selected boundary conditions for the one dimensional 
electrochemical model.  
 The battery consists of a number of cells. Each cell consists of three main layers: 
the positive and negative electrodes which are separated with a slightly thinner layer called 
the separator as shown in Figure 4.3. The thickness of each layer in the cell is on the order 
of ten of micrometers, while the layers have a height close the battery height and a length 
that can span tens of centimeters. The electrochemical reactions occurring in the battery 
can be assumed to occur only in one dimension, through the thicknesses of the layers. This 
assumption is based on the large difference between the thickness of the battery cell and 
other two cell dimensions. Other researchers have considered the same assumption due to 
small percentage difference in the results between the one dimensional and two and three 
dimensional models [116,125]. 
The electrochemical reactions that occur in the batteries are one source of heat 
generation in the batteries, and the other is the internal resistance of the battery. Note that, 
for either source to start producing heat, the battery has to be charging or discharging. The 
electrochemical model of the battery is developed to investigate its electrical and thermal 
behavior. The thermal effect is presented in terms of the heat generation rate and the effect 
of battery temperature on the electrical performance of the battery. This section 
summarizes the electrochemical model developed for the cylindrical battery, where only 
these changes to fit the cylindrical mode are considered here where for those that are similar 
to the prismatic model are omitted from this section since it is included earlier in the 
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prismatic battery electrochemical model; further details on the model can be found 
elsewhere [125].  












]        (4.13) 
where bLi is the lithium ion concertation in the electrode solid matrix and DLi is the 
diffusion coefficient of lithium through the electrode solid matrix.  
 The next step is to define the boundary conditions and the relations between the 
solid and the solution phases of the cell electrode. The Butler-Volmer kinetics expression 

















Voc))            (4.14) 
where Voc is the open circuit voltage, bi is the salt concentration in layer i, η is the electrode 
potential and H is the parameter that connects the concentration of different species such 




0.5       (4.15) 
The boundary condition at the electrode outer radius also is used in relating the two phases 
of the electrode. This boundary condition can be expressed as follows: 
∂bs
∂r
= −jn/DLi          (4.16) 
Here, the electrode potential in equation (4.17) is calculated based on the electric potential 
of the two phases of the electrode as follows: 
η = ϕ1 − ϕ2          (4.17)  
where ϕ1 and ϕ2 refer to the electrical potentials of the solid phase and the solution phase. 
4.2 Thermodynamic and Heat Transfer Analysis  
This section presents the development of the three dimensional heat and mass transfer 
analysis, where the section is divided into two subsections, the first presents the equations 
and the modeling methodology for the prismatic battery and then within that subsection 
the boundary conditions for the simulated domain are presented for each system model. 
4.2.1 Prismatic battery model 
Throughout the charging, discharging or resting (not charging nor discharging) processes, 
the temperatures throughout the battery and the cooling system vary with time. The 
variation of the temperature through the battery pack including batteries and cooling 
system at any instant of time can be found with the energy rate balance equation, which 





















𝑘) + Q̇gen    (4.18) 
Here, ρ denotes density, T temperature, k thermal conductivity, cp specific heat capacity 
and Q̇gen heat generation rate. The subscript b refers to the battery. Each battery cell is 
made of three layers, which result in different thermal conductivities in the x, y and z 
directions. Using the x, y, and z directions shown in Figure 4.9 for developing the thermal 
conductivity equations, the thermal conductivity of the battery can be expressed in the three 
dimensions as follows: 
kx = ∑(Liki) / ∑ Li         (4.19) 
ky = ∑ Li / ∑(Li/ki)         (4.20) 
kz = ∑(Liki) / ∑ Li         (4.21) 
Here, Li is the dimension of layer i in the direction at which the thermal conductivity is 
calculated, and the thermal conductivity of layer i is referred to as ki.  
 The specific heat capacity and the density of the battery’s multilayer structure can 
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 The heat rate generated by the battery while discharging or charging is due to the 
internal resistance of the battery and the chemical reactions occurring within it [54]. The 
battery heat generation rate can therefore be written as follows: 
Q̇gen = Q̇ec + Q̇J = −TΔS
I
nF
+ I(E − V)      (4.24) 
Here, E is the open circuit voltage and V is the operating voltage of the battery, I is the 
charging or discharging current, T is the temperature of the battery, ΔS is the change in 
entropy associated with the electrochemical reactions, and n is the number of electrons in 
in the balanced electrochemical half reaction.  
4.2.1.1 System 1 and system 3 
In this section the model and the set boundary conditions for both systems 1 and 3 since 
both are using the same cooling plate design of the flow of the coolant which is the 
hydrogen and air in system 1 and system 3 respectively. This section introduces the design 
procedure of the cold plate for the hydrogen and air based systems, including the design 
and development procedure. 
The mesh and the boundary conditions used in the three dimensional heat and mass 
transfer model are presented in Figure 4.10 for one of the five designs; however, the 
boundary conditions presented in Figure 4.5 are used in all the different proposed designs. 
The inlet boundary condition is set as a velocity boundary condition where the temperature 
of the hydrogen entering the pack is also set as a temperature boundary condition. The 
battery in the three dimensional heat and transfer model is modeled based on its outer 
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dimensions and the selected material for the battery domain is a custom material with 
calculated thermophysical properties as presented in the governing equation section. Based 
on the nature of the proposed cooling system, a single battery with half of a cooling plate 
equipped with symmetry boundary conditions constitutes the three dimensional heat and 
mass transfer model simulated domain.  
 
Figure 4.4 Simulated domain and boundary conditions for the three dimensional heat and 
mass transfer model (for the optimum case) (The thermal contact properties as follows: 




Figure 4.5 Proposed designs for the hydrogen cooled, aluminum cold plate considered in 
the thesis. The first two of the proposed designs have two hydrogen inlets and the remaining 




Figure 4.6 (a) Mesh independent study including a separate study on the number of mesh 
layers within the thickness of the battery and the cold plate based on the maximum 
temperature of the battery after a 100 seconds of charging the battery at 4C rate, (b) side 
view of the model showing the case with 10 extra mesh layers in both the cold plate and 
the battery (c) front view of the simulated model showing the variation of the selected mesh 
and (d) shows the back view of the model selected mesh. (note that the legend colors are 
based on the mesh cell size) 
A grid independent study is carried out on the proposed model to ensure that the 
model is not sensitive to and hence independent of the mesh. A set of four different meshes 
were considered as shown in Figure 4.6 with the smallest mesh considered is 179081 
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tetrahedral mesh elements to a maximum of 406718 tetrahedral mesh elements. Fig. 5(a) 
shows that further increase of the mesh elements more than 179061 will lead to a change 
less than 0.2% in the battery maximum temperature at a rate of 4C charging current and 
for 100 seconds. Due to such a small change, a mesh of 179061 elements is considered for 
the rest of the study. In addition, Figure 4.6(a) includes a mesh independent study 
concerning the number of hexahedral mesh layers through the thickness of the battery and 
the aluminum cold plate. As shown in  Figure 4.6(a) the increase in the number of 
hexahedral mesh layers within the thickness of the battery from zero hexahedral layers to 
5 within the battery itself caused a change of 0.19% in the battery maximum temperature 
after 100 seconds of charging at a 4C rate. Figure 4.6(b) shows a mesh comparison on the 
thickness of the battery from the top view for the case with no hexahedral mesh layers and 
the fourth case of 10 hexahedral elements within the thickness of the battery and the cold 
plate. Here, Figure 4.6(b) with no hexahedral layers shows that mesh of the first considered 
appropriate mesh size (the first point in Figure 4.6(a)). It is important to note that increasing 
the mesh layers within the battery thickness resulted in reaching a mesh independency with 
less number of mesh elements compared to enhancing the overall mesh quality of the 
simulated domain. Furthermore, Figure 4.6(c) shows graphical details on the mesh 
structure and elements size distribution throughout the simulated domain from the front 
surface showing the hydrogen flow channel, and Figure 4.6(d) shows the mesh structure 
but on the opposite side to what  Figure 4.6(c) shows.  
4.2.1.2 System 2 
System 2 is the ammonia based system, where the prismatic design is varied as a part of 
the optimization study and both designs are presented in this section, they are explained 
and the selected boundary conditions are presented as well.  
 
Figure 4.7 Three dimensional mass and heat transfer model, of design 1 of the ammonia 
boiling based battery thermal management system. 
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The first design is the direct contact pool design where the boiling ammonia pool 
is in direct contact with the surface of the battery and the second design uses a smaller 
amount of ammonia however it is confined in a cooling plate or it can also be referred to 
cold plate in the form of tubes inside the cold plate. Each of the designs are presented next 
in details.  
Figure 4.7 shows the heat and mass transfer simulated domain considered from the 
battery pack presented earlier in the system description chapter. In the three dimensional 
heat and mass transfer model, the ammonia vapor flows from the surface of the boiling 
ammonia pool upward due to buoyancy and mainly due to the pressure regulator and vapor 
collection device. The pressure regulator and the ammonia vapor collector ensures a 
constant pressure inside the battery pack and also collects the ammonia vapor until specific 
amounts are attained that are used by the electrical generator to produce electrical energy. 
The ammonia vapor entering the vapor domain is saturated, at the same temperature as the 
boiling ammonia pool. 
The first boundary condition selected is an inlet mass flow rate, applied to the 
surface of the ammonia pool based on the evaporation rate of the ammonia as it cools the 
battery by absorbing generated heat. When the ammonia vapor reaches the upper part of 
the pack it leaves from one side to the collection channel leading to the vapor collector and 
pressure regulator. The surface that connects the vapor space to the collection channel is 
selected as the outlet boundary condition as shown in Figure 4.7. A heat flux based on an 
input heat transfer correlation is selected as the boundary condition for the surface of the 
battery in direct contact with the boiling ammonia pool. The correlation is based on the 
surface temperature of the battery that it is in direct contact with the pool, as the pool 
boiling starts at a surface temperature 5oC higher than the boiling temperature of the 
ammonia pool at a specified pressure. As long as the temperature of the battery surface is 
within 5oC of the saturation temperature of the ammonia pool, natural convection heat 
transfer occurs. A laminar flow model is used to describe the flow of the ammonia vapor 
through the vapor channels between the batteries and above the pool. The laminar model 
is chosen for the vapor flow corresponding to the low Reynolds number of the generated 
ammonia vapor, where the Reynolds number is calculated with the characteristic length 
equal to the hydraulic diameter of the flow channel. Since the ammonia vapor flow rates 
vary continuously throughout the discharging and charging cycle of the battery, the 
selection of the laminar flow model was based on the maximum Reynolds number 
experienced in the flow channel. The pressure of the ammonia pool in the battery pack is 
set to 9.0 bar, so as to be similar to the ammonia HEV tank pressure and to have a saturation 
temperature (21.5oC) below the ambient temperature (25oC) [127]. The cooling ability of 
the proposed system is assessed through a discharging and a charging cycle of 600 seconds 
divided equally at a rate of 4C, which is four times the rate required to discharge or charge 
the battery completely from a 100% to 0% state of charge in one hour.  
 The second design where the boiling ammonia is not in direct contact with the 
battery surface is presented next, where the ammonia pool is kept inside the cold plate in 




Figure 4.8 (a) Dimensions of the proposed design of the ammonia boiling based thermal 
management system, and (b) boundary conditions of the simulated three dimensional heat 
transfer model. 
 
Due to the symmetric configuration of the batteries and the cold plates in the pack, 
as shown in the system description chapter, only a single battery and half of a cold plate 
equipped with symmetric boundary conditions is simulated. A transient three dimensional 
heat transfer model is used to assess the performance of the proposed cooling system, as 
shown in Figure 4.8(b). The dimensions of the structure of the aluminum cold plate with 
embedded liquid boiling stagnant liquid ammonia is shown in Figure 4.8 (a). The diameter 
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of each tube in the cold aluminum plate is selected so that half of the surface area of the 
tube is equal to 5% of the front surface of the battery. The tubes in the cold plate are 
distributed at equal distances. The boiling of ammonia in the tubes is assumed to be pool 
boiling, since the relative motion of the vapor produced and the surrounding liquid is 
mainly due to buoyancy effect. The heat transfer coefficient for the surface of the tube is 
set as the heat transfer coefficient of pool boiling, and is a function of the surface 
temperature of the tube.  
The correlation is based on the surface temperature of the battery that it is in direct 
contact with the stagnant liquid ammonia, as the pool boiling starts at a surface temperature 
5oC higher than the boiling temperature of the stagnant liquid ammonia at a specified 
pressure. Symmetric boundary conditions are selected for the surface of the battery in 
contact with the neighboring battery and the surface at the middle of the cold aluminum 
plate. The connectors of the battery are considered to be subject to natural convection with 
the surrounding air. The boundary conditions used for the three dimensional heat transfer 
model are illustrated in Figure 4.8(b). 
 The stagnant liquid ammonia filling the tubes in the aluminum cold plate are at a 
pressure of 9.0 bar, so the corresponding saturation temperature (21.5oC) is lower than the 
ambient temperature of 25oC [127]. The proposed BCS is assessed for a 600 second 
discharging and charging cycle at a rate equal to 4C. A current of 4C is four times the 
current that would completely discharge or completely charge a battery with a capacity of 
C Ah within an hour.  
4.2.1.3 System 4 
The boundary conditions used for the one dimensional electrochemical model and the three 
dimensional mass and heat transfer model are presented in Figure 4.9(a) and Figure 4.9(b), 
respectively. The three dimensional model developed here simulates the heat and mass 
phenomena in the battery itself, the propane pool and the propane vapor generated. Note 
that one of the key advantages of the COMSOL Multiphysics software is that it can 
simulate in a single domain more than a physical one, which means that the temperature 
variations in the propane and the battery can simultaneously be simulated. In the three 
dimensional model, the propane vapor enters the propane vapor space shown in Figure 4.9 
from the surface of the liquid propane pool in the battery pack as shown in Figure 4.9, 
where the proposed cooling system is described. The propane vapor entering the vapor 
space between the batteries is a saturated vapor, so its temperature is that of the boiling 
propane pool. The surface of the propane pool was selected as an inlet boundary condition 
as shown in Figure 4.9(b), where the inlet flow rate is selected based on the evaporation 
rate from the boiling propane pool. The propane vapor is collected through a channel along 
the pack leading to the pressure regulator and propane collector. The inlet to the collection 
channel is set to be the outlet of the vapor domain between the batteries as shown in Figure 
4.9(b). The surface of the battery pack that is covered by propane liquid is set to have a 
heat flux boundary condition, where the heat transfer coefficient is based on the vertical 
plane pool boiling correlation imported from EES when the battery temperature is 5oC 
higher than the saturation temperature of the liquid propane pool. However, when the 
temperature of the battery surface submerged in the propane pool is higher than its 
saturation temperature, but with a temperature difference less than 5oC, then natural 




Figure 4.9 Boundary conditions and dimensions of (a) one dimensional electrochemical 
model, and (b) three dimensional mass and heat transfer model, and the integration between 
the two models (c) overall presentation of the connection between the one dimensional 
electrochemical and three dimensional heat and mass transfer models.  
The flow of the vapor phase of the propane is modeled as laminar flow, since the 
Reynolds number is calculated to be far below the critical Reynolds number. The Reynolds 
number of the propane vapor is calculated based on internal flow, where the inlet area is 
the surface of the propane pool in the pack. The Reynolds number for the propane vapor 
varies continuously as the mass flow rate of the propane vapor flowing through the 
rectangular channel where the battery pack is accommodated. It also changes throughout 




          (4.25) 
where the Dh is the hydraulic diameter, μ is the dynamic viscosity, ρ is the density, and V 
is the mean velocity. The highest velocity of the propane vapor through the discharging 
and charging steps occurs at the end of the cycle with an average value of 0.0375 m/s, 
which results in a Reynolds number of 130.8. 
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The pressure of the propane pool surrounding the batteries in the pack is selected 
to be 8.5 bar, based on the saturation temperature of 20.8oC, so that when the surface 
temperature of the battery slightly increases the propane pool starts boiling. The ambient 
temperature considered in this study is equal to 25oC [127]. The performance of the battery 
pack cooling system is investigated by discharging the batteries in the pack for 300 seconds 
and then charging for 300 seconds consecutively at a rate of 4C, which is four times the 
rate at which the battery capacity will be completely discharged or charged in one hour. In 
order to ensure that the model results are independent on the number of elements in the 
mesh, a grid independence test was performed. The grid independence test, in this regard, 
considered the variation of the maximum temperature of the battery and the maximum 
temperature of the vapor propane in the battery pack with the variation of the mesh quality 
of the developed model. It is found that increasing the number of mesh elements beyond 
159,794 elements results in an increase in the maximum temperature by 0.003% as shown 
in Figure 4.10. 
Regarding the maximum temperature of the vapor propane, it will remain constant 
for a mesh with higher number of mesh elements than 159,794. Out of the selected 159,794 
mesh elements, a total of 120,257 are dedicated for the propane space, while the remaining 
is for the battery.  
 
Figure 4.10 Effect of the mesh on the model results in terms of the battery maximum 
temperature and the propane vapor leaving the pack maximum temperature. 
4.2.1.4 System 5 
The prismatic battery boundary conditions are presented in Figure 4.11 where the 
schematic is used to show the selected boundary conditions to make it easier for the reader 
to understand the selected boundary conditions and the set parameters. Unlike the propane 
and the ammonia based systems the boiling is simulated through the phase change domain 




Figure 4.11 Schematic diagram of the R134a based cooling system for the prismatic 
battery pack showing (a) the front view of the section cut through the R134a cooling space 
and (b) is the top view. 
Note that for the details for the selected and used boundary conditions for 
simulating the refrigerant based battery thermal management system used for prismatic 
battery packs are the same as those used in Figure 4.9.  
4.2.2 Cylindrical battery model 
The governing equations of the thermodynamics and heat and mass transfer model are 
similar to those presented in section 4.2.1, which is the governing equations for the 
thermodynamics and heat and mass transfer model of the prismatic battery. The only 
difference will be in the equations used to calculate the battery overall thermal conductivity 
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of the battery in the different directions, which are calculated based on the cylindrical 








          (4.27) 
where kr and kz are the overall thermal conductivities of the battery in the radial and axial 
directions, which are calculated through the thermal conductivity of each layer ki, and the 
thickness of each layer Li. 
 The coming subsections presents the boundary conditions used to model each of 
the thermodynamics and heat and mass transfer model of each system. Note that system 1 
and system 3 which are the air and the hydrogen based systems for the cylindrical 
configuration they are not simulated since the novelty in these systems does not require the 
simulation of the cylindrical battery packs. 
4.2.2.1 System 2 
To better understand the cooling effect provided by the PSLA based cooling system, the 
simulated domain, its dimensions and the boundary conditions used in the simulation are 
shown in Figure 4.12. Due to the vertical motion of the ammonia vapor in the pack, all 
batteries are expected to have matching temperature distributions. Not all the 
thermophysical properties for ammonia in the gas phase are available in COMSOL library, 
so missing properties are imported from Engineering Equation Solver (EES). 
 
Figure 4.12 Dimensions and boundary conditions of the simulated battery and cooling 




Figure 4.13 Mesh independence study (note that the e in the horizontal axis refers to 10 
raised to the power of the number following the e latter). 
In the heat and mass transfer model, ammonia becomes a vapor at the surface of 
the PSLA as shown in Figure 4.12, which presents the boundary conditions used in the 
developed model. The mass flow rate and the inlet temperature of the ammonia vapor are 
based on the boiling temperature and the amount of evaporated ammonia from the PSLA. 
The upper surface of the selected domain that is shown in Figure 4.12 is selected as the 
outlet boundary condition since the ammonia vapor flowing upward is collected by the 
pressure regulator. The submerged portion of the Li-ion battery in the PSLA is selected as 
a convection heat transfer boundary condition, where the boiling heat transfer coefficient 
is defined by a nucleate boiling correlation imported from Engineering Equation Solver 
(EES) for battery surface temperatures 5oC above the saturation temperature of PSLA. For 
cases when the battery surface temperature is less than 5oC above the saturation 
temperature, the free natural convection correlation is used from EES. The part of the 
battery not covered by liquid is taken to be subject to a convection heat transfer boundary 
condition, at the battery surface.  
Two pressure values of the PSLA are considered here: 9.0 bar and 10.0 bar. These 
correspond to saturation temperatures of 21.5oC and 24.9oC respectively. Both pressure 
values give a saturation temperature slightly below the ambient temperature considered in 
this study (25oC) [127]. The model insensitivity to the mesh is ensured by performing a 
mesh independence study where the sensitivity of the maximum temperature of the battery 
at the end of the charging process on the mesh is examined (see Figure 4.13). That figure 
shows that as the number of the mesh elements reaches 151,793 the maximum temperature 
changes by less than 0.6%. The charging and discharging durations are 600 seconds in 
total, 300 seconds each with a high charging and discharging rate of 7.5C simulating the 
high power demand in HEVs. The battery initial charged state is set to 10%.  
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4.2.2.2 System 4 
For the cylindrical battery pack that uses propane as the coolant two different studies were 
carried out one using a correlation to simulate the boiling while the other one uses a phase 
change validated boiling simulation to further investigate the model to carry out the 
optimization for the proposed system. The boiling correlation based model is presented 
first including the set boundary conditions and then followed by the boiling validated 
model.  
 
Figure 4.14 Dimensions and boundary conditions of the simulated battery and cooling 
domains. (a) one dimensional model of the electrochemical reactions in a battery cell, (b) 
three dimensional heat and mass transfer model. 
Only half of a single battery with its surrounding is considered due to the selection 
of symmetric boundary conditions as shown in Figure 4.14. The flow derives from boiling 
the liquid propane and the propane vapor rises due to two forces: buoyancy and the pressure 
difference. Due to the vertical motion of the propane vapor, all the batteries in the pack are 
expected to have the same temperature distribution. Liquid and vapor propane 
thermophysical properties are a function of temperature and they are available in COMSOL 
library. 
The dimensions, material properties, kinetics of the electrochemical reactions and 
parameters of the Li-ion battery considered in this thesis are adapted from Doyle et al. 
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[125]. The boundary conditions used to define the one dimensional model are shown in 
Figure 4.14. 
The inlet mass flow for the propane vapor is selected based on the surface of the 
liquid propane, where the value of the mass flow rate depends on the amount of propane 
evaporated during boiling and the outlet conditions are those at the upper outlet boundary 
condition, as shown in Figure 4.14. The submerged portion of the battery surface is 
modeled with a convection boundary condition and a heat transfer coefficient defined by a 
nucleate boiling correlation. The correlation used here is generated in Engineering 
Equation Solver (EES) for a surface temperature 5oC above the boiling temperature of the 
liquid propane with free natural convection at lower surface temperatures. The remaining 
part of the battery surface is considered to be subject to convective heat transfer. The 
pressure of the liquid propane is 8.5 bar, which corresponds to a saturation temperature of 
293.75 K. This pressure was selected at slightly below the tank pressure (9 bar) to give a 
saturation temperature slightly below the optimum operating temperature for the battery 
(25oC) [127]. An independent analysis of the sensitivity of the maximum temperature of 
the batteries to the mesh (number of elements) was carried and the results are shown in Fig. 
4, where the number of mesh elements selected is seen to be 151,793. The battery was 
charged for 300 seconds and then discharged for 300 seconds, with charging and 
discharging currents of 7.5C and starting with a state of charge of 10%.  
 
Figure 4.15 Mesh independence study 
The simulated heat and mass transfer domain and the selected boundary conditions 
are shown in Figure 4.16(a) and Figure 4.16 (b). Figure 4.16 (c) shows the variation of the 
mesh element sizes throughout the simulated domain. Note that both the vapor space and 
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the battery electrical connections are not included in the simulated domain due to 
previously mentioned reasons. The volumetric heat generation rate that results from the 
one dimensional electrochemical model is fed to the three dimensional heat and mass 
transfer battery model. 
 
Figure 4.16 (a) Simulated domain in the heat and mass transfer model, (b) selected 
boundary conditions and (c) mesh plot of the variation of the mesh elements size in m3. 
4.2.2.3 System 5 
It was earlier shown in section 5.2 through various studies that ELP based BCSs have a 
high temperature uniformity throughout the battery pack. That and the symmetric 
configuration of the battery pack allows only half of a single battery and its surrounding 
domain to be simulated as shown in Figure 4.17. Figure 4.17 also gives the dimensions of 
the simulated domain for the two designs of the pack. The second part of the modeling is 
the heat and mass transfer model, which is modeled and simulated in three dimensions. 
The heat and mass transfer model communicates with the one dimensional electrochemical 
model by sending the battery average temperature to the electrochemical model and 
receiving the volumetric heat generation rate from the electrochemical model. The 
simulated domain and the selected boundary conditions are shown in  Figure 4.17(b), where 
the location and the size of that domain within the battery pack is shown in  Figure 4.17(a). 
As shown in Figure 4.17(b) the boiling correlation is applied to the battery surface that is 
submerged in the liquid refrigerant pool, where the correlation is a function of that surface 
temperature. Note that when the temperature difference between the saturation temperature 
of the refrigerant and the battery surface is less than 5oC then refrigerant evaporates due to 
heat gain through natural convection between the liquid and the battery surface. The 
symmetric boundary condition is applied to the side walls of the refrigerant domain as 
shown in Figure 4.17(b) to account for the heat generated by the neighboring batteries. In 
the heat and mass transfer model, modeling the flow as either laminar or turbulent depends 
on the Reynolds number of the R134a vapor, which is calculated based on the internal flow 





Figure 4.17 (a) The simulated domain location and size within the battery pack that is 
cooled by the proposed system. (b) Dimensions and boundary conditions of the two cases 
considered for the three dimensional heat and mass transfer model (note that the text 
presented in blue color is to distinguish between the heat transfer boundary conditions and 
the fluid flow boundary conditions, which are in blue). 
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The flow rate of the vapor R134a varies through the charging and discharging 
cycles continuously, which means the decision on whether the flow Reynolds number 
passes the critical value or not has to be determined based on the maximum achievable 
flow rate. From all the variations of the system and operating parameters considered, the 
configuration that is expected to achieve the highest Reynolds number is: 8C charging and 
discharging cycle rate, the liquid pool covers 80% of the battery and the compact design of 





          (4.28) 
where ρ is the density, V is the vapor mean velocity, Dh is the hydraulic diameter and μ is 
the dynamic viscosity. The highest velocity the R134a vapor achieves through 600 seconds, 
8C charging and discharging cycle is 9.23 mm/s which results in a Reynolds number of 
172, which is away below the critical Reynolds number for internal flow. Then the flow of 
the R134a vapor is modeled as laminar. 
4.3 Optimization study 
The proposed systems are optimized by using the Genetic Algorithm model. The Genetic 
Algorithm was selected to optimize the proposed system due to a number of reasons, one 
of these reasons being it can be used to optimize a large number of variables for non-linear 
systems. Another reason is that the genetic Algorithm model work through the different 
variables to find the global extrema (maximum and minimum points) and avoid being 
tricked with the local extrema points. A third reason is that most of the modeling and 
simulation software have an embedded Genetic Algorithm models that can be used easily 
without the need to program it from scratch. In comparison with the traditional 
optimization methods, the genetic method generates the different possible points in 
parallel, rather than from a single point. In addition, the genetic algorithm does not require 
derivative information or other auxiliary knowledge, only the corresponding fitness levels 
and the objective function affect the direction of the research. Due to the many advantages 
the method has, the method is selected to optimize the proposed system. 
 The Genetic algorithm can be defined as an optimization tool that is based on the 
natural selection in the concept of evolution. The algorithm starts with a setoff population 
of individual solution and then during each following step through the optimization process 
it continuously changes the population of the individual solutions. The method the 
algorithm goes through to generate different populations is by first randomly selecting 
individuals from the current population of solutions and then use those which were selected 
randomly as parents of the next population of solutions. The final results of the 
optimization or the final population of solutions that corresponds to the optimized solution 
is called the Pareto optimum points, which are the optimum of the objective function. A 
Pareto point is defined as the optimum point allocations when there is no way of improving 
it for any of the objectives without worsening any of the other objectives.  
 There are five different proposed systems, where some of them are based on the 
concept of single phase flow through either cooling channels or directly through the 
battery, while others are based on two phase flow and a heat transfer medium between the 
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coolant and the battery. Others are based on a static boiling pool that can either have a 
direct contact with the batteries or have a heat transfer medium. Others will be passive in 
their cooling while others are active, where also the active systems a passive case study is 
considered for them. Due to the specific operating conditions and features, each system has 
its own objective function and constrains as listed in Table 4.1.  
Table 4.1. Summary of the five main proposed systems based on coolant type, and its 
applicability to work in EVs and HEVs. 
System Objectives Constraints 
System 
1 and 3 
-Pack average and maximum 
temperature 
-Battery average and maximum 
temperature 
-Temperature difference across 
the pack and the battery  
-Mass flow rate of the coolant 
-Pressure of the coolant 
-Initial temperature of the coolant 




-Pack average and maximum 
temperature 
-Battery average and maximum 
temperature 
-Temperature difference across 
the pack and the battery  
-Mass flow rate of the NH3 
-Pressure of the coolant 
-Height of the liquid pool in the pack 
-Cooling plate design 
-Geometry of the cooling plate 
-Nature of the contact between the 
coolant and battery 
-Number of cooling plates per batteries 
 
4.3.1 System 1 
System 1, is a hydrogen cooled metallic made cold plate, where the compressed hydrogen 
is throttled from the tank pressure to a specific operating pressure, which will be the 
hydrogen pressure at the cold plate inlet. The hydrogen temperature at the inlet, and the 
hydrogen flow channel shape and size are the different variables that can be changed in the 
proposed system. Where the main objectives of the functions are to have minimum 
temperature difference across the battery, a maximum temperature in the pack is within the 
optimum operation range, minimum temperature difference through the pack and with the 
minimum possible hydrogen flow rate. The function of system 1 considered parameters in 
the optimization in terms of other system operating parameters can be written as follows: 
(Tpack, Tbattery, ΔTpack, ΔTbattery, ṁH2) = f(PH2 , TH2 , Channel geometry)  (4.29) 
Here, Tpack refers to the temperature of the battery pack, Tbattery refers to the temperature 
of the battery with the maximum temperature in the pack, ΔTpack maximum temperature 
difference within the pack, ΔTbattery the maximum temperature difference within a single 
battery that has the maximum temperature difference in the pack and ṁH2 refers to the 
mass flow rate of the hydrogen entering the cooling plate. PH2 is the pressure of the 
hydrogen entering the cooling system and TH2 is the temperature of the hydrogen entering 
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the pack. The variables are varied within the allowable range bounded by the upper and 
lower limits that are listed in Table 4.1. 
Table 4.2. The upper and lower bounds of the variables of system 1. 
Variable  Lower limit  Upper limit Units 
PH2  20  700 bar  




Pipe with radius equal to the 
inlet 
Full plate with borders thickness 
of 2 mm 
 
4.3.1 System 2 
System 2 is an ammonia based battery thermal management system proposed for future 
ammonia fueled HEVs that are under investigation at the University of Ontario Institute of 
Technology. The liquid ammonia in the tank is used to cool the batteries and then used to 
generate power through the engine of the vehicle, where it can be an internal combustion 
engine or a fuel cell or other devices. The variables of the system depend on the cooling 
configuration of the proposed battery thermal management system, where pool based 
system have the following variables: pool height, thickness of the pool, direct or indirect 
contact, pressure of the ammonia pool, number of batteries between each cooling plate and 
the shape and size of the pool. The main objectives are to have minimum temperature 
difference across the battery, minimum maximum temperature in the pack, minimum 
temperature through the pack and minimum consumption of the ammonia tank. The 
objective function of system 2 can be written as follows: 
(Tpack, Tbattery, ΔTpack, ΔTbattery, ṁNH3) = f(PNH3 , hNH3  , cooling plate design, tNH3 , N) 
           (4.30) 
Here, ṁNH3 is the mass flow rate of the liquid ammonia going to the battery pack, hNH3 is 
the height of the liquid ammonia pool, tNH3 is the thickness of the pool, and N is the number 
of batteries between the cooling plates.  
 The variables are varied within the allowable range bounded by the upper and lower 
limits that are listed in Table 4.3. 
Table 4.3. The upper and lower bounds of the variables of system 2. 
Variable  Lower limit  Upper limit Units 
PNH3  2  10 bar  
hNH3  5% of the battery height 100% of the battery 
height 
% 
Cooling plate design Vertical pipe with a radius large 
enough to have a negligible 
capillary effect 
Full plate with 
borders thickness 
of 2 mm 
 
tNH3  50% of the battery thickness 300% of the battery 
thickness 
% 
Nature of the contact Direct contact Indirect contact  




4.3.2 System 3 
System 3 is an air based battery thermal management system proposed for pneumatic 
HEVs, where the compressed air is throttled from the tank pressure to a specific operating 
pressure in the vehicle main driver, the vehicle turboexpanders produces the driving power 
of the vehicle and as a result the expander produces a cold air that can be used to maintain 
the temperature of the battery pack within the optimum operation range. The variables of 
the system include the air inlet temperature to the pack, the channel shape and size in the 
cold plate and the number of batteries between the cooling plates. Where the main 
objectives of the functions are to have minimum temperature difference across the battery, 
minimum maximum temperature in the pack, minimum temperature through the pack and 
minimum hydrogen flow rate. The objective function of system 3 can be written as follows: 
(Tpack, Tbattery, ΔTpack, ΔTbattery, ṁAir) = f(PAir, TAir, Channel geometry, N) (4.31) 
Here, ṁAir refers to the mass flow rate of the air entering the cooling plate. PAir is the 
pressure of the air entering the cooling system and TAir is the temperature of the air entering 
the pack. 
 The variables are varied within the allowable range bounded by the upper and lower 
limits that are listed in Table 4.4. 
Table 4.4. The upper and lower bounds of the variables of system 3. 
Variable  Lower limit  Upper limit Units 
PAir  10  200 bar  




Pipe with radius equal to the 
inlet 




4.3.3 System 4 
System 4 is a liquid propane based battery thermal management system proposed for 
propane fueled HEVs. The liquid propane in the tank is used to cool the batteries and then 
used to generate power through the engine of the vehicle, which is an internal combustion 
engine. The variables of the system depend on the cooling configuration of the proposed 
battery thermal management system, where pool based system have the following 
variables: pool height, thickness of the pool, direct or indirect contact, pressure of the 
ammonia pool, number of batteries between each cooling plate and the shape and size of 
the pool. The main objectives are to have minimum temperature difference across the 
battery, minimum maximum temperature in the pack, minimum temperature through the 
pack and minimum consumption of the ammonia tank. The objective function of system 4 
can be written as follows: 
(Tpack, Tbattery, ΔTpack, ΔTbattery, ṁC3H8) = f(PC3H8 , hC3H8 , geometry, tC3H8 , N)  (4.32) 
Here, ṁC3H8 is the mass flow rate of the liquid propane going to the battery pack, hC3H8 is 
the height of the liquid propane pool, tC3H8 is the thickness of the pool, and N is the number 
of batteries between the cooling plates.  
 The variables are varied within the allowable range bounded by the upper and lower 
limits that are listed in Table 4.5. 
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Table 4.5. The upper and lower bounds of the variables of system 4. 
Variable  Lower limit  Upper limit Units 
PC3H8  2  10 bar  
hC3H8  5% of the battery height 100% of the battery height % 
Cooling plate design Vertical pipe with a radius 
large enough to have a 
negligible capillary effect 
Full plate with borders 
thickness of 2 mm 
 
tNH3  50% of the battery 
thickness 
300% of the battery 
thickness  
% 
Nature of the contact Direct contact Indirect contact  
Number of batteries (N) 1 10   
 
4.3.4 System 5 
System 5 is a liquid refrigerant based battery thermal management system proposed for all 
different types of vehicles that uses a battery pack as a part of the driving system. The 
liquid refrigerant in the tank is used to cool the batteries, where its evaporation temperature 
is set to a value that will allow it to condense at ambient temperature and then goes back 
to the supply pool. The variables of the system depend on the cooling configuration of the 
proposed battery thermal management system, where pool based system have the following 
variables: pool height, thickness of the pool, direct or indirect contact, pressure of the 
refrigerant pool, number of batteries between each cooling plate and the shape and size of 
the pool. The main objectives are to have minimum temperature difference across the 
battery, minimum maximum temperature in the pack, minimum temperature through the 
pack and minimum consumption of the ammonia tank. The objective function of system 5 
can be written as follows: 
(Tpack, Tbattery, ΔTpack, ΔTbattery, ṁref) = f(Pref, href , geometry, tref, contact, N)  (4.33) 
Here, ṁref is the mass flow rate of the liquid refrigerant going to the battery pack, href is 
the height of the liquid refrigerant pool, tref is the thickness of the pool, and N is the number 
of batteries between the cooling plates. The variables are varied within the allowable range 
bounded by the upper and lower limits that are listed in Table 4.6. 
Table 4.6. The upper and lower bounds of the variables of system 5. 
Variable  Lower limit  Upper limit Units 
Pref  2  10 bar  
href  5% of the battery height 100% of the battery height % 
Cooling plate design Vertical pipe with a radius 
large enough to have a 
negligible capillary effect 
Full plate with borders 
thickness of 2 mm 
 
tref  50% of the battery 
thickness 
300% of the battery 
thickness  
% 
Nature of the contact Direct contact Indirect contact  




Chapter 5: Results and Discussion 
 
In this chapter, the results of the proposed battery thermal management systems are 
presented in this chapter, where the chapter first starts with validating the developed 
models with experimental results from the literature. Where the validation is done for both 
parts of the model including the electrochemical and heat transfer and mass flow models. 
Then the chapter goes in analyzing each of the proposed systems, analyzing first the 
systems applied to prismatic battery packs and then when the systems are applied to 
cylindrical battery packs. Finally, for each battery geometry that is considered the 
performance is compared and the best performing systems are compared to those that were 
published in the literature. Note that the optimization studies are presented throughout the 
thesis through the analysis of each of the proposed models and those parameters performing 
the best are reported as well.  
5.1 Model Validation 
This section in the results and discussion chapter deals with the validating the models 
developed to investigate the performance of the proposed novel battery pack systems. First 
the section starts with validating the electrochemical model of the battery with the literature 
then the section will continue to validate the boiling modeling and simulation proposed in 
this thesis that is used as the heart of the simulation of the three of the proposed systems. 
The boiling in this thesis will be simulated on two forms of surfaces that are the surfaces 
of the batteries or the contact cold plate between the battery and the boiling pool. These 
surfaces are the cylindrical surface and the prismatic surface. So the boiling validation is 
carried out for both surfaces with experimental results from the literature.  
5.1.1 Electrochemical modeling results   
The battery electrochemical model is built as was presented in section 4.1, where it presents 
the building of the battery electrochemical model. The validation of the electrochemical 
model is done through the comparison between the variation of the cell potential against 
the attainable capacity for the cell at various discharge rates produced by the developed 
battery electrochemical model with the experimental results published in Doyle et al [125]. 
Multiple discharge rates were considered varying from a low discharge rate of 0.1C up to 
a discharge rate of 2C. Figure 5.1 shows the comparison between the results produced by 
the simulation and those experimental results from Doyle et al. [125] work. As shown in 
Figure 5.1 the model accurately predicts the electrochemical behavior of the lithium ion 
battery cell considered in this thesis.  
The developed model in COMSOL simulating the experiment done in [128] is 
presented in Figure 5.2. Note that Figure 5.2 is contracted by revolving a two dimensional 
system model since the geometry and the boundary conditions are axially symmetric. Most 
studies that are concerned with predicting the pool boiling behavior concentrate on the 
interference between the forming bubbles and the liquid surrounding them [129–131]. 
However, in these studies the focus on the nucleation sites of the bubbles, the shape of the 
nucleation sites, their number and their distribution as well makes the model complicated 
and specific to material, geometrical and temperatures limitations. In this thesis, a boiling 
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model is developed that does not depend on the nucleation sites properties, where its main 
goal is to model with correlations accuracy the high boiling heat transfer rate. 
 
Figure 5.1 Comparison of the variation of the cell potential with the capacity of the cell at 
different discharge rates where the model considers 900 Ω. cm2 a film resistance on the 
negative electrode between the developed model and the experimental results done by 
Doyle et al [125].  
5.1.2 Boiling modeling results of the battery  
Due to the lack of experimental research on the boiling heat transfer rate of vertical 
cylindrical metallic surface, however there are number of experimental studies concerning 
close geometry to the battery with metallic surface under high heat rate of water boiling. 
The boiling model is validated with water boiling high heat transfer rate on a metallic 
vertical cylindrical surface experimental results done by Bolukbasi and Ciloglu [128]. 
Bolukbasi and Ciloglu [128] investigated the heat transfer rate of boiling for a cylindrical 
surface with a semi-spherical bottom to prevent a premature collapse of the vapor film. A 
wide range of superheat temperatures of the cylindrical object relative to the boiling 
temperature of the pool were tested in [128], ranging from 500oC to around 0oC. The model 
shown in Figure 5.2 is validated with the experimental results in [128] using different flow 
physics modeling techniques, including laminar and different models of Reynolds-
averaged Navier–Stokes equations (RANS) model. Figure 5.3 shows the results of the 
different considered flow physics models including the mesh independent study. As shown 
in Figure 5.3(a) and (b), the laminar model achieves the lowest average error than the other 
considered models. It shown in Figure 5.3(a) that the laminar model achieves an average 
error of 14.9% with the experimental data, which is acceptably accurate compared to the 
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published correlations and developed model especially with the high flexibility of the 
model [132,133].  
 
Figure 5.2 The boundary conditions of the simulated domain of Bolukbasi and Ciloglu 
[128] experimental setup to validate the developed boiling model.*Absolute pressure. 
 




5.2 Electrochemical performance results  
This section presents the results of the electrochemical model mainly the variation of the 
heat generation rate with the variation of the charging and discharge cycle rate and with 
the variation of the battery average temperature. Note that during the simulations that 
considers the variation of the battery average temperature, the battery average temperature 
is set constant throughout the 600 seconds simulation cycle. However, for the case where 
the effect of the charging and discharging cycle rate on the heat generation rate the average 
battery temperature is set constant to 298 K. 
5.2.1 Cycling rate effect on the battery performance  
The variation of the volumetric heat generation rate with the variation of the charging and 
discharging cycle rate throughout a charging and discharging cycle for 600 seconds is 
presented in Figure 5.4. Figure 5.4 considers four different cycle rates of 3C, 4C, 5C, and 
6C. As shown in Figure 5.4, as the cycle rate increases it leads to increase in the heat 
generation rate.  
 
Figure 5.4 The variation of the volumetric heat generation rate through a 600 seconds of 
charging and discharging cycle for the cycle rates of 3C, 4C, 5C, and 6C. 
5.2.2 Temperature effect on the battery performance 
The effect of the battery temperature on the heat generation rate of the battery is 
investigated for a high a cycle rate of 6C in this section. The study considers three various 
battery temperature, which are 25oC, 35oC and 55oC, where the temperatures are set to be 
constant for the entire one dimensional electrochemical model and for the entire cycle. The 
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results of the effect of the variation of the battery temperature on the volumetric heat 
generation rate is shown in Figure 5.5. Figure 5.5 shows the variation of the battery 
volumetric heat generation rate through a 600 seconds of charging and discharging cycle 
for cycle rates of 6C for three different battery temperatures 25oC, 35oC and 55oC. As 
shown in Figure 5.5 as the battery temperature decreases the heat generation increases. 
What causes the heat generation to increase when the battery temperature decreases is that 
when the battery temperature decreases the thermal resistant of the battery increases and 
as since the battery internal resistant is one of the main reasons for the heat generation of 
the battery then the heat generation will increase with the decrease in the battery maximum 
temperature.  
 
Figure 5.5 The variation of the volumetric heat generation rate through a 600 seconds of 
charging and discharging cycle for cycle rates of 6C for three different battery 
temperatures. 
5.3 Prismatic battery pack results  
In this section the results of the proposed battery pack thermal management systems are 
presented in this section of those that are proposed for the prismatic batteries. Before 
starting to simulate the proposed systems, the variation of the temperature through the 
battery pack needs to be investigated first, since it will determine the size of the models 
that are used to investigated the performance of the proposed systems in various 
configurations of operating parameters. 
The considered battery pack contains 12 prismatic lithium ion batteries as shown 
in Figure 3.9, and temperature uniformity throughout the pack is desirable to avoid 
performance degradation and an inability to deliver the required power. In order to 
89 
 
investigate the performance of the boiling based cooling system on the temperature 
variations across the battery pack, all batteries in the pack must be simulated. Simulating 
the full pack of 12 batteries is a computationally expensive and unrealistic especially if 
negligible lost in accuracy occurs if smaller number of batteries were simulated and the 
symmetric boundary condition is utilized.  
 
Figure 5.6 Temperature contours of half of the battery pack at the end of the 300 second 
discharging period. Negligible temperature differences are observed across the battery pack 
for a high power discharge rate of 7.5C. 
90 
 
The performance of the battery pack is evaluated at a high power discharge current 
of 7.5C for a duration of 300 seconds for two heights of the propane pool in the pack. In 
the first case the propane liquid pool covers 5% of the surface area of the battery and in the 
second case 10%. The temperature contours of half of the battery pack at the end of the 
high power discharge period (i.e., after 300 seconds) are shown in Figure 5.6 for the two 
cases. Note that the temperature contour is plotted for half of the battery pack to show the 
temperature distribution on the middle of the pack battery face. It is observed that six 
batteries in the pack for both propane pool heights exhibit temperature differences of less 
than one degree Celsius, reflecting the high level of temperature uniformity that the 
proposed cooling system can provide in the battery pack. Given these results, the 
symmetric boundary conditions and a smaller simulated domain (a single battery and a half 
of propane pools) can capture the performance of the battery pack cooled with the proposed 
cooling system. 
5.3.1 System 1 results  
The design parameter considered is the hydrogen cooled space in the aluminum made cold 
plate, where the design is varied based on the resulting temperature distribution, maximum 
temperature, minimum temperature and the maximum temperature difference. The 
methodology of changing the design of the cold plate is to reduce the flow space size for 
the areas where cold temperatures are achieved and increase it for the areas where high 
temperatures are present. For the best performing design in terms of the above mentioned 
criteria, further analysis is carried out considering the full cycle in a transient analysis for 
various operating parameters.  
a) Steady state heat transfer results  
For each design, three hydrogen inlet temperatures are considered. One is the lowest 
possible temperature the system can draw from the pressurized tank while the other two 
temperatures are selected to be 10oC and 20oC. The latter two values are selected to obtain 
a battery operating temperature within the optimum operation range. The designs are 
developed and upgraded based on the battery temperature contours plot, where the aim is 
to reduce the hydrogen flow area close to the low temperature portions of the battery and 
increase it where the battery experiences high temperatures. The first design features two 
inlets for the hydrogen with an overall flow velocity of 0.02 m/s as shown in Figure 4.4 
and presented in Table 5.1.  
The first design of the cold plate has an aluminum block separating the two inlets 
to avoid shocking the battery from the hydrogen supply channel side. The first cases of the 
inlet temperature of -140oC exhibit a maximum temperature difference of 50.2oC (Table 
5.1). Note that the presented maximum temperature difference is not the expected 
maximum temperature difference in the transient test, which is expected to be much lower 
than the steady state. The difference between the two cases is due to the case that the heat 
generation rate is considered constant and equals to nearly the maximum heat generation 
rate in a 600 seconds cycle and rate of 4C, but it is used to guide the design process. Note 
that the main reason for considering the lowest temperature possible based on the pressure 
of the supply tank is to investigate the behavior of the temperature difference across the 
pack, which is reflected in the transient study that presents and investigate the actual 
performance of the battery pack. To investigate the sensitivity of the first design to the 
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cooling hydrogen supply temperature, the other two temperatures are considered. For inlet 
hydrogen temperatures of 10oC and 20oC, the maximum temperature difference through 
the battery increased in both cases to 51.4oC, as seen in Table 5.1. This increase in 
temperature difference can be explained by pointing out that the flow of hydrogen 
temperature reaches a point where it can no longer cool the battery in comparison with the 
-140oC temperature inlet, which has a larger temperature difference to drive the heat 
transfer. For cases where the inlet temperatures to the first design are 10oC and 20oC, the 
battery temperature the hydrogen outlet are 71.5oC and 81.5oC respectively. Although these 
temperatures are not valid for the transient case, which simulates actual cooling system 
performance, they are used to compare and improve the design, particularly the shape of 
the channel. 
Table 5.1. The input parameters of the hydrogen to the cold plate throughout the hydrogen 
cold plate design development and the main battery cooling system performance resulting 
from each design and input parameters in terms of the minimum and maximum temperature 
of the battery and the maximum temperature difference across the battery. 


























1 -140 0.02 25 -128.6 -78.4 50.2 
1 10 0.02 25 20.07 71.5 51.4 
1 20 0.02 25 30.07 81.5 51.4 
2 -140 0.02 25 -129 -88.1 40.9 
2 10 0.02 25 21.0 61.9 40.9 
2 20 0.02 25 31.0 71.9 40.9 
3 -140 0.02 11.22 -113.2 -71.7 41.5 
3 10 0.02 11.22 35.8 78.3 41.5 
3 20 0.02 11.22 46.8 88.3 41.5 
4 -140 0.02 8.16 -110.8 -71.9 38.9 
4 10 0.02 8.16 39.2 78.1 38.9 
4 20 0.02 8.16 49.2 88.1 38.9 
5 10 0.02 8.16 38.8 76.2 37.4 
5 20 0.02 8.16 48.8 86.2 37.4 
The results are obtained through a steady state simulation of the proposed cooling system with a volumetric 
heat generation rate of 90,000 W/m3 (24.6 W), which is 95% of the maximum heat generation rate by the 
battery under a discharge and charge current rate of 4C. Reynolds number for all 15 cases is less than 2300. 
 Figure 5.7a shows the temperature contours of the front and back faces of the 
battery being cooled with the first design cold plate, when the inlet temperature is 10oC. 
One case is shown only since the three cases exhibit very similar temperature differences 
across the battery. From the temperature distribution on the front and the back face of the 
battery, the lowest temperature is concentrated near the inlet of the hydrogen. For the first 
design the temperature increases to nearly the double that at the end of the aluminum block 
located at the hydrogen supply channel. In the second design the blockage area is stretched 
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and another block is placed to allow the cold hydrogen to reach the area near the collection 
channel faster, so as to reduce the temperature difference across the battery. The results of 
the second design are listed in Table 5.1.  
 
Figure 5.7 Battery temperature distribution (in oC) due to the cooling of the aluminum cold 
plate for a hydrogen inlet temperature of 10oC and an inlet velocity of 0.02 m/s. (a) First 
design, (b) second design, (c) third design, (d) fourth design and (e) fifth design. 
The second design was able to successfully reduce the temperature difference by 
10.5oC, from 51.4oC to 40.9oC, as presented in Table 5.1. The temperature distribution on 
the surface of the battery cooled by the second design of the cold plate is shown in the 
temperature contour plot of Figure 5.7b. Figure 5.7b shows how the redesign of the cold 
plate redirects the flow of hydrogen away from the inlet area and allows colder hydrogen 
to reach the other end of battery, which improves the temperature variation with respect to 
the first design. Another noticeable result with the redesign of the cold plate is that the 
temperature difference across the battery is not affected by the temperature of the cold 
hydrogen. Following a similar design strategy, and from the fact that the lower part of the 
battery is colder than the top the third design has one hydrogen inlet and the bottom part of 
the plate is completely blocked, as shown in Figure 5.7. The results for the third design are 
presented in Table 5.1. The maximum temperature difference across the battery increases 
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with the third design from 40.9oC to 41.5oC, as seen in Table 5.1. The third design is not 
able to reduce the maximum temperature difference across the battery, and in addition the 
minimum and maximum temperatures increase. Figure 5.7c shows the temperature 
distribution across the front and the back surfaces of the battery cooled by the third design 
of the cold plate.  
The main goal of blocking the lower inlet to the cold space is to allow the hydrogen 
to reach the other end of the battery with a colder temperature, so that the overall 
temperature difference across the battery is reduced. However, the improvement in the 
thermal performance of the BTMSs due to blocking the lower inlet in third design did not 
achieve the needed results, mainly due to the space above the aluminum block inserted at 
the top. Since the increase in temperature difference is less than 1oC and since the 
temperature distribution seems promising for further redesign with the same strategy, the 
design is further modified to introduce the fourth design, which is shown in Figure 4.4. In 
the fourth design the flow space for hydrogen is reduced by expanding the top aluminum 
block and make it cover the top right corner of the battery. Blocking the top right corner of 
the battery improves the temperature distribution of the battery by reducing the maximum 
temperature difference across the battery to 38.9oC, as seen in Table 5.1. Further 
improvement from the third to the fourth design is noticed in the minimum temperature 
and maximum temperature reductions. 
 The improvements in the fourth design relative to third are negligible reduction in 
the maximum temperature, and a slight drop is noticed in the minimum temperature of the 
battery. Figure 5.7d also shows the temperature distribution over the surface of the battery 
that results from use of the fourth cold plate design. Filling the top right corner of the cold 
plate was able to expand the cold bands further in the direction of the collection channel. 
The final design is the fifth design shown in Figure 4.4, where the size of the 
hydrogen flow space within the cold plate is reduced. The fifth design features the smallest 
hydrogen flow space and a single coolant inlet. Note that only two cases of hydrogen inlet 
temperature are considered. The results of the fifth design in terms of minimum, maximum 
and temperature difference are presented in Table 5.1. It therefore shows a further reduction 
compared to the fourth design in the maximum temperature difference across the battery, 
which drops from 38.9oC to 37.4oC. Compared to the fourth design the fifth design of the 
cold plate also results in a reduction in the maximum temperature of the battery from 
78.1oC to 76.2oC, where the minimum temperature also reduced from 49.2oC to 48.8oC, as 
seen in Table 5.1.  
Figure 5.7(e) shows the battery temperature distribution due to the cooling of the 
fifth design cold plate. The battery temperature distribution shown in Figure 5.7(e) is 
improved from fourth design, where the maximum temperatures on both sides of the 
battery are almost the same and having the hydrogen cooling space narrower improves the 





Figure 5.8 Variation with discharging and charging time of (a) battery maximum 




Figure 5.9 Variation with discharging and charging time of the temperature distribution 
(in oC) on the surface of the battery with direct contact with the aluminum cold plate for 
the fifth design, for a hydrogen inlet temperature of 20oC and a speed of 0.01 m/s. Under 
each time frame of the battery surface temperature is the time from the start of the cycle in 
seconds.  
Although it might seem that the fifth design is a downgrade from the second design 
considering the maximum and minimum temperatures, reducing the temperature difference 
by distributing the cooling heat rate over the battery surface raises those temperatures. 
Since the fifth design proved to provide the best performance in terms of maximum 
temperature and maximum temperature difference across the battery, it is selected as the 




Figure 5.10 The variation of the heat generation rate by the battery and the variation of the 
proposed system cooling rate through the 600 seconds of charging and discharging cycle 
at a rate of 4C (note that the cooling rate is calculated at a single contact surface between 





Figure 5.11 The variation of the heat transfer coefficient through the 600 seconds cycle 
with the hydrogen inlet velocity and inlet temperature at a cycle rate of 4C. 
 
Figure 5.12 Comparison between the proposed cooling system in this thesis and selected 
air based, liquid based and evaporating based cooling systems.  
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b) Transient heat transfer results 
In this section, the performance of the proposed cooling system is investigated through a 
transient approach resembling an actual battery operation and their operating conditions, 
where the battery is discharged at a rate of 4C for 300 seconds and then it is charged with 
a rate of 4C in 300 seconds. Note that 1C corresponds to a current density of 12 A/m2. The 
testing cycle used here has been used earlier [11,25,75,76,134–136]. Several variables are 
varied to investigate the effect of various operating parameters including the hydrogen inlet 
velocity and inlet temperature. Two velocities (0.01 m/s and 0.02 m/s) and three hydrogen 
inlet temperatures (10oC, 15oC and 20oC) are considered. Figure 5.23a show the variation 
of the battery maximum temperature and the maximum temperature difference across the 
battery which is shown in Fig. 7b. Increasing the inlet temperature of hydrogen to the cold 
plate increases the maximum battery temperature for most of the cycle (from the 100th 
second to the end of the cycle as shown in Figure 5.23(a)). The effect of increasing the 
hydrogen inlet temperature on the maximum temperature of the battery increases with as 
the time through the test cycle. The effect of the cooling hydrogen inlet temperature on the 
maximum temperature of the battery becomes noticeable (i.e., a temperature difference of 
more than 0.5oC) half away through the cycle. For the three considered temperatures, two 
velocities are taken into consideration and their effect on the battery maximum temperature 
is shown in Figure 5.23a. The lower velocity exhibits better performance than the higher 
velocity, however this is not generalized and is specific for the considered velocities. 
Having a lower velocity results in reducing the cooling effect at the hydrogen inlet side, 
since the velocity is a major factor in determining the heat transfer coefficient. Having a 
lower cooling effect at the inlet side allows cooler hydrogen to reach the other side of the 
battery, thus reducing the maximum temperature of the battery.  
 Figure 5.23b shows that as the inlet temperature increases the overall temperature 
difference across the battery reduces. Although a higher inlet temperature leads to higher 
battery maximum temperature, the difference is small compared to the large reduction in 
the temperature difference across the battery. The effect of the inlet temperature on the 
maximum temperature difference through the battery is negligible as shown in Figure 
5.23b. The velocity effect on the maximum temperature is negligible compared to the effect 
of the temperature, within the considered ranges. Figure 5.9 shows the temperature 
contours through the test cycle for the surface of the battery that is in direct contact with 
the cold plate.  
The results of the maximum temperature of the battery can be better understood 
with the help of Figure 5.10, which shows the variation of the heat generated by a single 
battery and the variation of the cooling rate provided by the cold plate for that single battery 
throughout the charging and discharging cycle. It is important to further note that Figure 
5.10 shows for three cases only of the six different considered cases since the flow rates 
considered effect is almost negligible in terms of the maximum temperature difference 
across the battery. It is shown that the reduced temperature inlet reduces the heat generated 
more by the cooling hydrogen and the cold plate. 
 Further research results about the performance of the proposed system is exhibited 
in Figure 5.11, where the variation of the average heat transfer coefficient of the forced 
convection between the flowing hydrogen and the cold plate surface is presented. As shown 
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in Figure 5.11, the heat transfer coefficient varies slightly with the inlet velocity at a 
constant temperature. However, it is more sensitive to the temperature rather than the 
velocity. The achieved heat transfer coefficient by the proposed design and considered 
parameters is found comparable to the ultra-thin mini liquid cooling channels proposed by 
Jin et al. [137]. 
c) Performance comparison with the literature study 
The performance of the hydrogen cooled, aluminum cold plate is compared to the 
performance of liquid and air cooling systems proposed in the literature for prismatic 
battery cooling. Figure 5.12 shows the performances of a liquid based cooling system 
proposed by Qian et al [9], an air based cooling system proposed by Chen et al. [60], and 
an evaporating fuel pool based system proposed by Al-Zareer et al. [11]. The system 
proposed here exhibits better performance than the three other systems considered. 
Although the comparison might seem to favor the proposed system performance since the 
proposed system by Al-Zareer et al. [11] can achieve better performance with increase in 
the pool height or pool geometry as shown in Al-Zareer et al. [113], it demonstrates the 
ability of the proposed system to compete with other cooling systems. For example, the 
proposed system with a velocity of 0.01 m/s and an inlet temperature of 20oC performs 
better than the considered parameters of liquid and air cooling systems. It can be seen that 
the proposed system has an end temperature equal to that of the liquid cooling system, 
however the proposed system has a lower temperature throughout the cycle unlike that of 
the liquid cooling system. The proposed system exhibits a better response to the heat 
generation rate of the battery compared to the mini channel water cooling system. 
5.3.2 System 2 results 
The proposed boiling ammonia based cooling system is investigated and its performance 
is evaluated through the thermal behavior of the batteries in the pack. The thermal behavior 
of the battery is assessed through its maximum temperature and the temperature uniformity 
of the battery. The effect of the height of the ammonia pool in the battery pack is varied, 
and its effect on the thermal behavior of the battery is investigated.  
a) Battery temperature distributions 
The proposed cooling system cools the battery by removing part of the heat generated by 
the battery using two heat transfer modes: boiling, which is characterized by a high heat 
transfer coefficient, and natural convection to the ammonia vapor at the battery surface not 
in contact with the ammonia pool. Varying the boiling ammonia pool height in the pack 
changes the amount of cooling provided by the boiling as well as that provided by the 
ammonia vapor.  
The height of the ammonia pool is varied from as low as covering only 5% of the 
front face of the battery to covering 50% of it, and its effect on the maximum temperature 
of the battery is shown in Figure 5.13a. As the ammonia pool height increases in the battery 
pack, it is seen that the maximum temperature of the battery decreases. It is noted that the 
decrease in the maximum temperature is not linear with the increase in the pool height, 
since the main factor in reducing the maximum temperature of the battery is the amount of 




Figure 5.13 Variation with discharging and charging time of (a) maximum temperature in 
the battery, (b) average temperature of the battery, and (c) temperature difference across 
the battery, for six cases of liquid ammonia pool height in the battery pack, ranging from 
5% to 50% coverage of the front surface of the battery. 
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The amount of ammonia vapor determines how quickly it is superheated and loses 
it cooling capacity, where the distance it travels also plays an important role in determining 
how quickly the vapor loses it cooling ability because of its temperature. However, the 
distance the vapor has to travel and the amount of vapor produced are both functions of the 
contact area between the pool and the battery surface. So increasing the contact area 
increases the heat exchange area, resulting in a higher boiling rate and thus a higher mass 
flow rate of ammonia vapor. Increasing the contact area reduces the distance the vapor 
travels before reaching the collection channel. Therefore, both factors can be accounted for 
through defining the height of the liquid ammonia in the pack through the percentage of 
how much the liquid ammonia covers from the surface of the battery that is in direct contact 
with the pool (i.e., the front surface of the battery). Increasing the area of the battery 
covered by liquid ammonia from 5% to 10% causes a reduction in the maximum 
temperature of 0.11oC. However, increasing the covered area of the battery by ten times 
relative to the area at 5% causes a reduction of 2.34oC in the maximum temperature. It is 
shown in Figure 5.13a that, as the height of the liquid ammonia increases, the drop in the 
maximum temperature decreases what appears to closely resemble an exponential manner. 
The maximum temperature in the battery drops to lower than 25oC when 100% of 
the front area of the battery is covered with boiling ammonia, which is a 29% decrease in 
the maximum temperature of the battery (which is 99% of the increase in the temperature 
from initial temperature of the battery). Regarding the maximum temperature of the battery 
in the early stages of discharging, it is seen that most of the six cases considered provide 
nearly the same cooling performance for the 130 seconds of the 4C discharging period.  
For a low coverage area of the battery surface, the main differences appear at the 
end of the 300 seconds 4C discharging rate, as shown in Figure 5.13a. Further 
understanding of the cooling ability of the proposed system, Figure 5.14 graphically 
exhibits the temperature differences of the battery relative to the saturation temperature of 
the cooling ammonia pool. Figure 5.14 also shows the surface temperature plot of the 
surface in contact with the cooling pool and the surface in between the two batteries. Here, 
the height and color are based on the temperature difference from the saturation 
temperature of the ammonia pool. Furthermore, Figure 5.14 is used to provide a better 
understanding of the cooling capabilities of the proposed system.   
The temperature distribution of the battery or more importantly the temperature 
uniformity of the battery can be presented in terms of both its average temperature and the 
maximum temperature difference in the battery. Note the maximum temperature difference 
within the battery is not alone sufficient to describe its temperature uniformity since the 
maximum temperature difference does not capture how the temperature is distributed 
throughout the surface of the battery.  
The maximum temperature difference across the battery as shown in Figure 5.13(c) 
is 13.6oC when 5% of the front surface of the battery is covered with boiling ammonia. The 
improvement in the temperature uniformity of the battery is directly proportional to the 
improvement in the maximum temperature of the battery, since the maximum temperature 
difference is the maximum less the minimum battery temperatures. The change in the 
maximum temperature of the battery and the change of the maximum temperature 
difference of the battery with the variation of the height of the ammonia pool in the pack 
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is directly proportional. This is because the minimum temperature of the battery for all 
cases of ammonia pool height in the pack is nearly the same, which is very close to the 
boiling temperature of the ammonia pool. Figure 5.15 shows the temperature uniformity 
through temperature contour plots of the surfaces of the battery (front and back) at the end 
of the 600 second discharging and charging cycle.  
 
Figure 5.14 Shows a surface temperature difference with the saturation temperature of the 
cooling ammonia pool plot for the surface in contact with the pool and the surface in the 
middle of the battery through the discharging and charging time of a rate of 4C. 
 
As shown in Figure 5.15 the temperature uniformity of the battery at the end of the 
cycle improves as the covered area of the battery surface by boiling ammonia in the battery 
pack increases. A better temperature uniformity presentation is seen in Figure 5.13(b), 
which shows the variation of the battery average temperature with time. Figure 5.13(b) 
shows that as more of the battery front surface is covered with boiling ammonia the lower 
becomes the average temperature of the battery. Increasing the amount of boiling ammonia 
in the battery pack from covering 5% of the battery front surface to covering 50% of the 
front face reduces the average temperature at the end of the 600 seconds discharging and 






Figure 5.15 Temperature contours of the front surface (in contact with the ammonia pool) 
and the back surface (facing the neighboring battery) of a battery in the proposed pack 
design at the end of the 600 second discharging and charging cycle at 4C, for six cases of 




Figure 5.16 Variation with the discharging and charging time of maximum temperature, 
heat generation rate, total heat removed from the battery by the proposed cooling system, 
and fraction of the heat removed by the boiling ammonia, for fractions of the battery front 
surface covered by boiling ammonia pool of (a) 5%, (b) 10%, (c) 20%, (d) 30%, (e) 40%, 
and (f) 50%. Note that the figure starts at 20 seconds after discharging for better viewing 
of the curves. 
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b) Battery heat rate distributions  
The battery heat rate distribution is investigated in terms of the battery heat generation rate, 
boiling heat transfer rate and the natural convection heat transfer rate by the generated 
vapor. Shown in Figure 5.16 is the maximum temperature, battery heat generation, heat 
removed by boiling, and heat removed by the natural convection for six cases of the portion 
of the battery front surface covered by boiling ammonia. When the boiling ammonia covers 
only 5% of the front surface, most of the cooling is provided by the ammonia vapor, as 
shown in green in Figure 5.16(a). However, increasing the contact area from 5% to 10% 
causes an increase in the cooling through the pool and a reduction in the cooling by the 
vapor as shown in Figure 5.16(b). Increasing the contact area to 20% of the front surface 
of the battery causes the cooling curve to jump over the heat generation curve for the first 
50 seconds of the discharging and charging cycle, while increasing the contact area to 50% 
increases the duration at which the cooling curve overcomes the heat generation curve, to 
slightly over 100 seconds from the start of the cycle. While increasing the contact area 
increases the amount of heat removed by the pool, the effectiveness of the vapor cooling 
tends to remain constant after its first drop to a 10% contact area. The tendency of the vapor 
cooling in the cooling process of the battery to remain constant is due to the vapor cooling 
being limited by a certain distance, after which it cannot cool the battery further because 
of its temperature. None of the heights considered had a vapor traveling distance less than 
the cooling vapor limiting distance. However, increasing the contact area between the 
boiling ammonia and the battery front surface reduces the vapor cooling distance to lower 
than the limiting one, which reduces the area where the ammonia vapor experiences 
cooling. Thus it is concluded that the cooling provided by the vapor has its maximum 
contribution for the case when 5% of the front surface of the battery is covered by boiling 
ammonia. The contribution of the vapor cooling to the overall cooling capacity of the 
proposed system is limited and reduces the effectiveness of the boiling based proposed 
cooling system.  
Finally, there is a safety concern in the proposed system of having the ammonia 
fuel in contact with the batteries in the battery pack. However, such concerns are easily 
addressed by having the ammonia inside a cooling plate. Having the ammonia pool in the 
cooling plate contribute also in avoiding any possible corrosion to the battery surfaces in 
the pack. An addition of the cooling plate in the system is expected to slightly affect the 
cooling performance, and the drop in the performance may be negligible if a high thermal 
conductive metal is used.  
 Then when using the ammonia tubes in the cold plate as the source of cooling and 
the results of that system are presented next.The proposed boiling ammonia based cooling 
system is investigated and its performance is evaluated through the thermal behavior of the 
batteries in the pack. The thermal behavior of the battery is assessed through its maximum 
temperature and the temperature uniformity of the battery. The effect of the height of the 
stagnant liquid ammonia in the battery pack is varied and its effect on the thermal behavior 





Figure 5.17 Variation with discharging and charging time of (a) maximum temperature in 
the battery 
c) The effect of number of tubes on the battery temperature distribution  
The proposed design cools the battery by boiling the stagnant liquid ammonia, which cools 
the aluminum cold plate that is in direct contact with the battery surface. The number of 
tubes in the aluminum plate is varied from one tube located in the middle of the cold plate 
to ten tubes separated from each other and from the sides of the plate by equal distances. 
From Figure 5.17 and the dimensions of the design, one tube surface area corresponds to 
10% of the front surface area of the battery, two corresponds to 20% and so on up to ten 
tubes corresponding to 100%. Figure 5.17(a) shows the variation of the maximum 
temperature of the battery through the discharging and charging cycle of 600 seconds at a 
rate of 4C. Having one tube in the aluminum cold plate filled with stagnant liquid ammonia 
is sufficient to maintain the maximum temperature of the battery at less than 28oC through 
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the discharging and charging cycle at 4C. In the tube design, a single tube spans the vertical 
dimension of the battery (the longest dimension in the battery design) and is located in the 
middle of battery, which is the case when there is one tube in the cold plate.  
 
Figure 5.17 Variation with discharging and charging time of (b) average temperature of 
the battery,  
Varying the number of tubes affects the maximum temperature of the battery, as 
shown in Figure 5.17. It is seen that as the number of tubes increases, the maximum 
temperature of the battery decreases. The improvement in the maximum temperature of the 
battery for the design declines notably as the number of tubes increases, as shown in Figure 
5.17. The notable decline in the improvement to the maximum temperature of the battery 
with an increase in the number of tubes is due to the fact that the cooling system is reaching 




Figure 5.17 Variation with discharging and charging time of (c) maximum temperature 
difference across the battery, for six cases of liquid ammonia tubes in the aluminum cooling 
plate in the battery pack.  
The temperature of the battery surface in contact with the cold plate approaches the 
saturation temperature of the boiling ammonia for the case when ten tubes are used in the 
cold plate (see Figure 5.17 (a)). When more than one tube is used the maximum 
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temperature of the battery is lower than its initial value. For the case when half the surface 
area of the tubes in the cold plate is equal to 40% of the surface area of the front face of 
the battery, the maximum temperature of the battery at the end of the discharging and 
charging cycle is equal to the battery’s initial temperature.  
To assess the battery temperature uniformity, the average temperature and the 
maximum temperature difference for six cases of numbers of tubes in the aluminum cold 
plate are assessed. The results are shown in Figure 5.17 (b) and 5(c). Temperature contours 
of the surface of the battery under the cooling effect of the cooling design at the end of the 
600 second discharging and charging cycle are shown in Figure 5.18 for various numbers 
of tubes. The maximum temperature difference occurs at the end of the discharging and 
charging cycle, and is less than 4oC; this is for the case when a cold plate with one tube is 
used.  
The improvement in the maximum temperature difference for the design declines 
notably as the number of tubes increase, as shown in Figure 5.17 (c). The largest 
improvement occurs when the number of the tubes increases from one to two. The 
improvement is seen to be nearly negligible when four or more tubes are placed in the cold 
plate. This result also can be observed at the end of the 600 discharging and charging cycle 
at a rate of 4C, since when using more than two tubes per cold plate there are few 
temperature contours (noting that all figures share the same temperature contour ranges, so 
lower numbers of contours denote lower temperature differences). As the number of tubes 
in the cold plate increases beyond four, the maximum temperature difference at the start of 
the discharging and charging cycle increases, as shown in Figure 5.17 (c). This is mainly 
attributable to the increase in the number of tubes reducing the time required to achieve the 
lowest maximum temperature of the battery, which in turn increases the temperature 
difference faster at the start of the cooling operation. The average temperature of the battery 
can be maintained at lower than 27oC with only one tube. The average temperature 
experiences the largest drop when the number of the tubes increases from one to two. The 
proposed system is analyzed in more detail to understand how the cooling effect it provides 
compares to the heat generated by the battery in the next section.  
d) Battery heat rate distributions for the tube system 
In order to analyze the heat rate distribution of the proposed system, Figure 5.19 shows the 
maximum temperature, battery heat generation, and heat removed by the ammonia boiling 
in the tubes versus the discharging and charging cycle for a number of tubes ranging from 
one to ten. Figure 5.19(a) shows the cooling provided by the proposed system when the 
aluminum cold plate has only one tube located in the middle. It is seen that, although the 
cooling provided by the proposed system exceeds the heat generation of the battery for the 
first 50 seconds of the discharging and charging cycle, the maximum temperature of the 
battery increases during that period. However, in the case of using two tubes in the cold 
plate, the cooling provided by the proposed system exceeds the heat generation with nearly 




Figure 5.18 Temperature contours on the front surface (in contact with the aluminum cold 
plate integrated with liquid ammonia tubes) and the back surface (facing the neighboring 
battery) of the battery in the proposed pack design at the end of the 600 second discharging 




Figure 5.19 Variation with the discharging and charging time of maximum temperature, 
heat generation rate, total heat removed from the battery by the proposed cooling system, 
for various numbers of tubes. 
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Having a larger difference between the cooling provided by the system and the heat 
generation, for the case of using a two-tube cold plate compared to a single-tube cold plate, 
eliminates the increase in the maximum temperature of the battery, as shown in Figure 
5.19(b). However, further increases in the number of tubes, as shown earlier in terms of 
the maximum temperature behavior, have little effect on the cooling provided by the 
system. This is mainly since the cold plate reaches a temperature very close to the saturation 
temperature of the boiling ammonia, reducing the heat transfer. As shown in the latter half 
of the 4C operation cycle, the difference between the heat generated and the cooling curve 
tends to remain constant. As shown in Figure 5.19 the increase in the cooling provided by 
the cooling system declines as the number of tubes in the cold plate increases, which 
explains the decline in the improvement in the maximum temperature of the battery. 
Increasing the number of tubes in the cold plate from one to two results in the largest 
increase in the cooling provided by the system compared to when the number of tubes 
increased from two to four, four to six, and six to eight. However, for all cases of number 
of tubes in the cold plate, none was able to overcome the heat generation in the charging 
phase, which resulted in a rise in the maximum temperature of the battery.  
5.3.3 System 3 results 
This section continues on the developed design of the hydrogen based cooling system, 
where the cooling system cold plate flow channel was optimized through the iterative 
approach. As mentioned earlier the same design will be used for the air cooling systems 
where the same boundary conditions also apply.  
 The thermal performance of the proposed system is measured through the 
maximum temperature difference across the battery pack, maximum temperature of the 
battery, and the maximum temperature difference across the single battery. Based on the 
configuration of the proposed cooling system where the cold plates are distributed evenly 
throughout the battery pack, and since each cold plate inlet temperature is independent on 
the other cold plate exit coolant temperature then the temperature difference across the 
battery pack can be neglected.  
 The maximum temperature of the battery and other performance parameters are 
investigated through 600 seconds long simulation cycle. Where the battery is discharged 
for 300 seconds at a rate of 4C and then at the end of the first 300 seconds and at the same 
rate the battery is directly sent into a 300 seconds of charging. Note that 1C charging or 
discharging rate is equal to the current that will completely charge or completely discharge 
a battery with capacity of C in one hour. This configuration of the simulation cycle has 
been used to investigate the proposed thermal battery management systems performance 
in the literature [11,25,75,76,134–136]. Similar to the considered operating parameters that 
are varied to measure the performance of the air based cooling system are the same as those 
of the hydrogen cooling system, which are selected mainly for performance comparison. 
The varied operating parameters are inlet velocity of the air to each single cold plate as 
shown in Figure 4.4 and the air inlet temperature. Two different velocities where 
considered 0.01 m/s and 0.02 m/s and three inlet air temperatures, which are 10oC, 15oC 
and 20oC. 
The performance of the battery is assessed in this section through the battery 
maximum battery temperature and the maximum temperature difference across the battery 
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pack, where the variations in these performance parameters are shown in Figure 5.20 and 
. Figure 5.20 shows the variation of the maximum temperature of the battery through the 
600 seconds simulation cycle at a rate of 4C. As mentioned earlier the two different 
velocities are considered where the first considered is 0.01 m/s and then the velocity of the 
inlet air is increased to twice its initial value, which is 0.02 m/s. Three different hydrogen 
inlet temperatures were considered are 10oC, 15oC, and 20oC. In addition to the considered 
inlet velocities and temperatures, an additional case considered is where the inlet velocity 
is increased to 0.05 m/s and the inlet temperature was set to 25oC. As shown in Figure 5.20 
as the inlet temperature increases the maximum temperature of the battery at the end of the 
simulation cycle increases and through parts of the simulation cycle.  
 
Figure 5.20 Variation with the discharging and charging time of maximum temperature 
for the air based cooling system at a cycle rate 4C. 
Note that changing the temperature and the inlet velocity (within the considered 
values) results in no to negligible effect on the maximum temperature of the battery in the 
first 150 seconds of the cycle. Where at around 200 seconds through the simulation the 
differences between the simulated parameters become apparent. However, for the same 
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inlet velocity of the as the inlet temperature increase the maximum temperature of the 
battery increases as well. The increase in the maximum temperature with the inlet 
temperature of the coolant is expected since the temperature of the coolant will increase 
and lets its cooling capabilities.  
 
Figure 5.21 Variation of the maximum temperature difference across the battery through 
the discharging and charging cycle at a rate of 4C. 
 It is shown in Figure 5.20 that reducing the inlet velocity of the coolant results in 
increasing the maximum temperature of the battery. The increase in the maximum 
temperature with the decrease of the inlet velocity is due to that when lower inlet velocity 
results in increasing the temperature of the coolant at early stages through the cold plate. 
Raising the coolant temperature at early stages within the cold plate results in a colder areas 
at the inlet of the cold plate and higher temperature at the exit of the cold plate compared 
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to the cases with higher velocity inlet. Unlike the inlet temperature effect on the variation 
of the battery maximum temperature of the battery the effect of the inlet velocity within 
the considered ranges the variation in it shows it effect on the variation curve later around 
250 seconds through the 600 seconds cycle as shown in Figure 5.20.  
5.3.4 System 4 results 
The battery pack design equipped with the propane based battery thermal management 
system results are presented first. The performance of the proposed lithium ion battery 
management system is investigated by examining the effect of varying several design 
factors. We mainly consider the maximum temperature in the pack and the temperature 
uniformity in the pack. The design factors examined include the height of the propane pool 
in the battery pack, the saturation pressure, which determines the temperature at which the 
propane pool boils, and discharging and charging rates. First the performance of the 
proposed system is investigated for prismatic battery pack design and second for a 
cylindrical battery pack design will be considered. 
a) Pool height effect on the battery pack temperature distributions  
The height of the propane pool in the battery pack is maintained through a height control 
system with the support of the liquid propane tank. The height of the propane liquid pool 
is varied to cover 5% to 30% of the front surface area of the batteries in the pack (5% to 
30% of the height of the pack from the bottom) to investigate its effect on the thermal 
performance of the batteries in the pack. Throughout the variation of the pool height, the 
propane saturation pressure is maintained at 8.5 bar, and the battery pack is subject to a 
single 300 second discharge followed by a 300 second charge cycle, where the rate is 4C 
for both the charging and discharging rates. The rate of 4C was selected to test the 
performance of the proposed cooling system based on the loose definition in the literature 
of what constitutes a high charging or discharging rate. The thermal performance of the 
batteries in the simulated domain due to the cooling effect produced by the boiling based 
propane cooling system is presented in Figure 5.22 for a high discharge and charging cycle 
rate of 4C. In Figure 5.22, the temperature distributions of the surfaces of the batteries in 
contact with the propane pool and the other surface in contact to the neighboring battery in 
the pack are shown at the end of the complete discharging and charging cycle (i.e., after 
600 seconds). The temperature of the battery surface that is in contact with the propane 
pool and the vapor space exhibits greater variability compared to the surface in contact 
with the other battery (see Figure 5.22). By raising the propane pool height in the pack 
from 5% to 20%, although colder temperature regions span across more surface area, a 
maximum temperature of around 34.9oC is observed for all pool heights in the pack, as 
shown in Figure 5.23(a).  
When the propane pool covers 30% of the battery front surface, the temperature 
uniformity throughout the battery improves, as shown in Figure 5.22. This suggests that 
increasing the height of the propane pool in the pack improves the temperature uniformity 
throughout the battery surfaces. This behavior can be explained through the two main heat 





Figure 5.22 Temperature contours of the battery located at the center of the proposed pack 
the height of the propane pool (at saturation pressure of 8.5 bar) is varied, at the end of the 




Figure 5.23 Variation of (a) maximum temperature of the battery, (b) average temperature 
of the battery, (c) heat absorbed by the propane pool, and (d) volumetric heat generation 
rate by the batteries, for various propane pool heights and discharging and charging cycle 
times. 
The first is boiling heat transfer, the effect of which increases as the pool height 
covers more of the battery. The seconds is the natural convection where increasing the 
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amount of liquid propane results in an increase in the propane vapor flow rate and improves 
natural heat convection on these surfaces. The cooling effect of the propane vapor on the 
upper part of the battery increases as the height of the propane pool increases, since the 
surface area subjected to boiling increases, raising the amount of propane vapor generated. 
Hence, as the height of the propane pool in the pack increases to 30% or higher, enough 
propane is evaporated from the surface of the pool and, due to the height of that surface, 
cold propane manages to reach the top parts of the battery and cools it down. Having cold 
propane vapor reaching the uppermost part of the battery reduces the maximum 
temperature of the battery, as shown in Figure 5.23(a). The proposed battery pack design 
limits the reduction of the maximum temperature of the batteries in the pack when the pool 
covers 50% or less of the battery surface as shown in the small variations in the maximum 
temperature curves in Figure 5.23(a). Since the cooling is applied from one side of the 
battery leaving the other side to gain heat from the neighboring cell, and the vapor propane 
get superheated before reaching the upper most part of the battery.The temperature 
uniformity as indicated by the temperature distribution through a single battery in the pack 
is evaluated through the average temperature of the single battery. Figure 5.23(b) shows 
the variation of the average temperature of the battery in the pack through the discharging 
and charging cycles (at 4C rate). As the height of the propane pool increases in the pack, 
the lower becomes the average temperature in the pack. The decrease in average 
temperature shown in Figure 5.23(b) is seen to have vary linearly with the height of the 
propane pool in the pack relative to the total height of the pack, i.e., the height fraction. 
It was found that as the height of the propane pool is increased by 1% of the height 
of the battery the average temperature decreases by nearly 0.12oC. However, for the five 
propane pool height fractions considered of 5%, 10%, 15%, 20% and 30%, the average 
temperatures at the end of the 600 second discharging and charging cycle are 32.8oC, 
32.2oC, 31.6oC, 31.0oC and 29.8oC, respectively. For a better understanding of the heat 
absorbed by the boiling propane and the volumetric heat generation for each battery, their 
variations with the discharging and charging cycle time are shown in Figs. 6(c) and 6(d), 
respectively. Figure 5.23(c) shows that at even the heat generation rate is increasing in the 
300 seconds discharging period, the heat absorbed by the pool reduces. The heat absorbed 
by the pool reduces in the first 300 seconds is the result that the temperature of the battery 
surface in contact with the pool reduces and the heat generation rate is not high enough to 
raise it. Through the following 300 seconds of charging the heat generation rate increases 
to a level that it can raise the temperature of the battery surface in contact with the pool. In 
response the heat absorbed by the pool increases as shown in Figure 5.23(c). 
 Figure 5.23(d) shows that the volumetric heat generation rate of the battery varies 
slightly with propane pool height, since the differences between the average temperatures 
of the battery for the different pool heights during the discharging and charging cycle are 
small. Thus, negligible differences in the volumetric generation rate are observed.  
b) Pool saturation pressure effect on the battery temperatures 
The saturation pressure of the propane pool, which is maintained in the pack with the help 
of liquid propane tank and the propane vapor pressure regulator and collector, was selected 




Figure 5.24 Effect of saturation pressure of the liquid propane pool on the temperature 
variation across the battery in terms of (a) maximum temperature difference, (b) average 
temperature, and (c) temperature contours on the surface of the battery (showing the 
surface facing the propane pool) (at the end of the 600 second cycle). 
120 
 
 The saturation temperature was selected so as to have around a 5oC temperature 
difference with the initial temperature of the battery and so as to be close to the actual 
pressure of the propane tank in HEVs. The effect of the saturation pressure was investigated 
by increasing it to 9.5 bar, which corresponds to a saturation temperature of 25oC, from 8.5 
bar (21oC). The effect of the pool saturation pressure on the thermal performance of the 
battery is presented in Figure 5.24. Figure 5.24(a) shows the maximum temperature 
difference in the battery, Figure 5.24(b) the average temperature through the battery and 
Figure 5.24(c) the temperature contours of three pool height fraction cases (5%, 15%, and 
30%). Figure 5.24(a) shows that the maximum temperature difference of the battery drops 
around 4oC when the pressure is increased from 8.5 to 9.5 bar. As the height of the propane 
pool increases, the drop in temperature difference due to increasing the saturation pressure 
reduces, from a 4.02oC temperature drop in the temperature difference at a 5% pool height 
fraction to a 3.62oC temperature drop at 30% a pool height fraction. Figure 5.24(a) also 
shows that the variation in the temperature difference with the variation of the pool height 
is lower at a higher saturation pressure than a lower saturation pressure. In terms of the 
average temperature (Figure 5.24(b)), it is seen that a higher saturation pressure 
corresponds to a higher average temperature through the battery. From Figure 5.24(b) a 
pool height of 5% at a 8.5 bar saturation pressure is seen to have a similar average 
temperature to that of a pool height of 30% at 8.5 bar. The effects of varying the pool 
saturation pressure for the cases when the liquid propane pool covers 5%, 15% and 30% 
of the front surface of the battery are shown in Figure 5.24(c). From the temperature 
contours shown in Figure 5.24(c) the enhancement of the temperature difference 
throughout the battery can be seen, as the temperature difference between the minimum 
and the maximum temperatures of the battery became smaller.  
c) Cycle rates effect on battery temperature distribution   
The cooling performance of the proposed cooling system was investigated through the 
maximum temperature and temperature variation across the battery surfaces when the 
discharging and charging rates are varied. The resulting thermal contours of the battery 
surfaces for various discharging and charging rates are shown in Figure 5.25. Temperature 
contours are presented for the surface of the battery facing the pool and for the surface 
facing the neighboring battery. Six discharging and charging rates are considered: 1C, 2C, 
3C, 4C, 5C and 6C. Note that a different coloring scheme was used in Figure 5.25 since a 
different temperature range (in the legend) was used in describing the temperature contours 
so that they will be not mistakenly compared with the previous contours and their 
temperature range presentation. Figure 5.25 shows that, as the discharging and charging 
rate increases, the maximum temperature increases and the temperature uniformity 
declines. Regarding temperature uniformity over the battery surface, note that the surface 
facing the liquid propane pool experience larger temperature differences than the surface 
in contact with the neighboring battery.  
Although the surface facing the pool experiences high cooling rates as it is covered 
by the propane pool, resulting in a low temperature (i.e., close to the saturation temperature 
of the pool), the battery still experiences high temperatures on its upper parts that are above 
the pool surface. It is also seen that the upper parts of the battery experience the same high 
temperatures as the surface in contact with the neighboring battery experiences while not 
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exhibiting the low temperatures caused by the pool, resulting in relatively lower 
temperature variations through the battery surface facing the neighboring battery. For the 
battery surface in contact with the pool, at low discharging and charging rates (1C, 2C and 
3C) boiling heat transfer is dominant and results in a constant temperature on the surface 
covered by the pool very close to the saturation temperature of the pool. 
 
Figure 5.25 Effect of discharging and charging cycle rate on the temperature variation 
across the prismatic battery surface, where the upper row shows the surface in contact with 
propane pool and the bottom row shows the surface in contact with the neighboring battery 
(at the end of the 600 second cycle). 
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However, for higher discharge and charge rates the constant propane saturation 
temperature area reduces. At higher discharge rates only a small area located at the 
boundary of the line at which the pool surface in contact with the battery surface and that 
is mainly due to the very cold propane vapor that exits the surface at the saturation 
temperature. For the high discharging and charging rates the constant propane saturation 
temperature area is partially replaced with a slightly higher temperature, as shown in Figure 
5.25. The maximum temperature variations through the discharging and charging cycle for 
various discharging and charging rates are presented in Figure 5.26. The maximum 
temperature at the end of the cycle (discharging for 300 seconds followed by charging for 
300 seconds) was 48.5oC at 6C compared to 41.1oC at 5C, 34.9oC at 4C, 30.4oC at 3C, 
27.2oC at 2C and 25.4oC at 1C.  
 
Figure 5.26 Effect of charging and discharging rates on the variation of the maximum 
temperature in the battery through the discharging and charging cycle. 
 The system performance is compared with results reported in the literature [9,134] 
in Figure 5.27. Note that the case when the battery was subjected to natural convection, a 
single battery is standing where the longest dimension is vertical, located in an open 
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environment. It is seen that covering 30% of the front surface of the battery with the boiling 
propane pool provides better performance than water cooling systems [9,134]. 
 
Figure 5.27 Comparison of performance of the proposed boiling based cooling system 
with systems reported in the open literature [9,134]. 
5.3.5 Comparative results of the present systems  
In this section, the performance of the proposed systems for the prismatic battery pack is 
compared with each other and the without cooling initially and the best performing system 
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is comparted to the systems proposed in the literature in terms of pack performance. Pack 
performance is a measure of the thermal management performance however on the full 
pack level, which is mainly in the maximum temperature difference across the battery pack. 
Regarding the temperature difference across the battery, based on the configuration of the 
proposed cooling system where the cold plates are distributed evenly throughout the battery 
pack, and since each cold plate inlet temperature is independent on the other cold plate exit 
coolant temperature then the temperature difference across the battery pack can be 
neglected. 
a) Temperature comparisons  
In this section, the proposed systems are compared against each other, which includes all 
the five proposed system in this thesis, in addition to the two designs proposed for the 
ammonia cooling system. In order to compare between the different proposed systems and 
their different configurations they were set at a comparable operating parameters and 
simulated for a 600 seconds charging and discharging cycle at a rate of 6C. The variation 
of the maximum battery temperature through the simulation cycle at a rate of 6C for the 
five different proposed cooling systems for prismatic batteries including two designs of the 
cold plate and a case when there is no cooling system used are shown in Figure 5.28. As 
shown in Figure 5.28 the best performing system is the pool system with ammonia being 
the coolant and the pool covers 100% of the battery surface that is in direct contact with 
the cooling pool. Note that the best performance can also be achieved by the propane based 
system when the pool covers 100% of the battery height. The best performing system was 
able to reduce the maximum temperature of the battery by 45.8% compared to the case 
when there is no cooling system is used. A close competitor to the ammonia based system 
with a 100% battery height is covered with the pool is the tube based cold plate system. 
The tube based cold plate based system was able to achieve the closest performance to the 
100% pool system as shown in Figure 5.28. Where the tube based system have the 
advantage of having a smaller amount of coolant in the battery pack due to the 
configuration of the tube system and without having the direct contact with the battery 
surface over the 100% pool based system. All these advantages the tube system have in 
addition to its high performance leads to having the tube system to be the favored from all 
the different proposed systems. To compare between the pool based system and the tube 
based system, three different variations of the pool system are compared to the one 
variation of the tube based system in terms of the reduction in the maximum temperature 
of the battery without the cooling system and the study is plotted in Figure 5.29. 
 As shown in Figure 5.29 the pool based system with ammonia and the battery 
surface is covered 100% and the tube based system have a very close performance as was 
earlier concluded through the variation of the maximum battery temperature in Figure 5.28. 
However, reducing the coverage percentage of the battery surface in the pool based system, 
while having a different coolant, propane which is predicted to have a comparable 
performance to the ammonia coolant as was shown in earlier sections of the results and 
discussion. It is shown that dropping the coverage percentage of the battery surface by the 
pool to 80% (by 20% from 100%) results in a large drop in the system performance as 
shown in Figure 5.29, which shows the ability of the tube based system in achieving a 
better performance in terms of the battery maximum temperature. Further case considered 
for the pool based system is with the R134a refrigerant as the coolant, which resulted in a 
125 
 
lower performance compared to the case where propane was the coolant for the same 
coverage of the surface of the battery. The lower performance achieved by the refrigerant 
based system is mainly that it has lower enthalpy of vaporization, which is 177.8 kJ/kg 
compared to propane which is 342.9 kJ/kg. Having higher enthalpy of evaporation results 
in having the liquid in a longer period of time in contact with the boiling surface, which 
results in a higher heat transfer convection.  
 For the other systems the air and the hydrogen based systems for the considered 
parameters, which are an inlet velocity of 0.05 m/s and an inlet temperature of 25oC. These 
parameters where considered to have an inlet temperature equal to the saturation 
temperature set for the pool based systems.  
 
Figure 5.28 The variation of the maximum battery temperature through the simulation 
cycle at a rate of 6C for the five different proposed cooling systems for prismatic batteries 
including two designs of the cold plate 
The air based system was able to achieve a better performance than the hydrogen 
based system at the same operating parameters as well as in the same optimized final cold 
plate design considered in this thesis (refer to section 5.2.1.1) as shown in Figure 5.28. The 
air was able to perform better than the hydrogen system in terms of the battery maximum 
temperature is mainly due to the higher density of the air compared to the hydrogen at the 
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selected inlet coolant temperature, which result in the air to have a higher inlet mass flow 
rate leading to a higher cooling rate.  
 
Figure 5.29 The variation of the reduction of the battery maximum temperature by the pool 
and the tube based systems. 
 In addition to the variation of the maximum temperature of the battery, the 
comparison between the different proposed systems in terms of the maximum temperature 
difference across the battery, where the considered battery is the battery with the maximum 
temperature in the pack. The variation of the maximum temperature difference across the 
battery for the five different proposed system including the two variation of the ammonia 
based system are shown in Figure 5.30. A very comparable performance and the best is 
again achieved by the 100% pool based and the tube based systems as shown in Figure 
5.30. Although it might seem that the all the systems result in a larger temperature across 
the battery compared to the case when there is no cooling system is used, yes it is true 
however it should always be noted that the slightly larger temperature difference across the 
battery is achieved at nearly around 50% lower maximum temperature compared to the 
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case when there is no cooling. The maximum temperature difference is maintained across 
the battery within 3 to 4oC for the 100% covered battery pool system and tube based 
system. Reducing the percentage of the battery surface covered by the pool results in a 
large increase in the maximum temperature difference across the battery as shown in Figure 
5.30, which mainly due having the uncovered battery surface cooled by the generated 
vapor. The generated vapor as was shown in the detailed analysis of each of the pool 
proposed systems results in increasing the maximum temperature and the maximum 
temperature difference of the batteries due to its low buoyance case of velocity and low 
mass flow rate. The air and hydrogen based system at the specified parameters achieved 
better performance in terms of the maximum temperature difference across the battery than 
80% pool based systems.  
As concluded this section of the thesis, the tube-cold plate design achieves the best 
performance throughout the considered operating parameters and in addition it contains at 
a time 20% less coolant in comparison to the competitor which is the 100% covered battery 
surface with the direct coolant system. 
 
Figure 5.30 The variation of the maximum temperature difference across the battery for 
the five different proposed system including the two variation of the ammonia based system 
in addition to the case when there is no cooling system is used. 
b) Efficiency comparisons  
The performances of the various liquid-to-vapor based thermal management systems are 
assessed and compared based on the energy efficiency. The energy efficiency of a thermal 




           (5.1) 
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Here, η denotes the energy efficiency of the thermal management system, Q heat, and W 
the electrical energy the active thermal management system consumes, such as the 
pumping work consumed in pumping the water. Also, the subscript rem refers to the 
removed heat from the battery using the thermal management system, and the subscript 
gen refers to the heat generation accumulation in the battery. Note that the amount of 
electrical energy consumed in moving the coolant in the liquid-to-vapor systems is 
negligible compared to that for active systems; hence we can neglect the energy consumed 
by the system to maintain the height of the boiling pool. The energy efficiency is assessed 
throughout the cycle as the cumulative heat removed from the battery over the cumulative 
heat generated by the battery throughout the simulation cycle 600 seconds of charging and 
discharging at a rate of 6C. For the simulation cycle used to calculate the energy efficiency 
of the various liquid-to-vapor phase change systems, the initial temperature of the battery 
is set to the saturation temperature of the coolant to simulate the charging and discharging 
of the battery from the equilibrium state. 
 
Figure 5.31 Variation of the maximum temperature of the prismatic battery when the tube 
based system with ammonia coolant and for other systems proposed in the literature, for a 
discharge cycle at a rate of 5C. 
 
The energy efficiency variation through the charging and discharging simulation 
cycle at a rate of 6C is shown in Figure 5.31. It is seen for all liquid-to-vapor systems that 
the energy efficiency increases throughout the cycle, starting from zero due to the initial 
equilibrium state with the phase changing coolant. The energy efficiencies of all of the 
systems increase sharply throughout the starting half of the simulation cycle, as seen in 
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Figure 5.31. Then through the last 100 seconds of the cycle they tend to stay constant. 
Similar to the maximum reduction in the battery maximum temperature relative to the no 
cooling case, the best preforming system in terms of the energy efficiency occurs when 
100% of the battery height is covered with the liquid ammonia boiling pool. The maximum 
energy efficiency is 88.6%, followed by the tube based system, which reaches a maximum 
value of 82.5%. It is seen in Figure 5.31 that the system performs better in terms of the 
energy efficiency as the cycle duration increases until the system energy efficiency levels 
off. Note in Figure 5.31 that the sudden rise in energy efficiency at the far right is due to 
the sudden drop in the heat generation rate and does not indicate an actual increase in the 
energy efficiency of the cooling system.  
 
c) Comparisons with the literature studies 
The previous section concluded that the tube based cooling system was able to achieve the 
largest reduction in the battery’s maximum temperature relative to the case when there is 
no cooling system is used. For that the best performing system from the various proposed 
systems is compared to other systems in the literature that were simulated to achieve the 
required cooling an avoid thermal runway. The tube based system with ammonia in the 
tubes as the boiling coolant is simulated for the same simulation cycle that was used to 
evaluate the performance of the proposed systems in the literature and the results are shown 
in Figure 5.32. The simulation cycle is 600 seconds discharge cycle at a rate of 5C. 
 As shown in Figure 5.32 the tube based system outperform the proposed systems 
in the literature at their own selected operating parameters at the same simulation cycle of 
5C of discharging rate for 600 seconds.  
5.4 Cylindrical battery pack results 
In this section the results of the proposed battery pack thermal management systems are 
presented in this section of those that are proposed for the cylindrical batteries.  
5.4.1 System 2 results  
For the proposed an ammonia boiling based thermal management system for Li-ion 
batteries for future ammonia based HEVs with zero carbon emissions, the effect of the 
thermal management system on the Li-ion battery pack thermal performance is 
investigated. The effects are assessed of several parameters of the proposed system on the 
thermal performance of the Li-ion battery pack. The thermal performance of the battery 
pack is taken to be characterized by the maximum temperature of the battery and the 
temperature uniformity throughout it. The effect of the height of the PSLA in the battery 
pack on the maximum temperature of the battery and the temperature distribution is 
investigated to determine the minimum height that provides an acceptable operating range 
for the high power demands anticipated for the vehicles. The effects are also investigated 
of other factors such as the pressure of the PSLA and charging and discharging rates. 
a) Battery temperature distributions 
The height of the PSLA, which covers part of the batteries in the pack, is varied from 
covering 5% of the total height of the battery to 30%. The pressure of the PSLA is 
maintained at 9.0 bar for the five cases of PSLA height in the pack. Figure 5.33 shows the 
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thermal performance of the ammonia based cooling system at high power charging and 
discharging rates (7.5C) in terms of (a) the maximum temperature, (b) the temperature 
difference between the minimum and the maximum temperatures, (c) the specific heat 
generation rate, and (d) the electric potential of the battery.  
 
Figure 5.32 The variation of the maximum temperature of the battery prismatic battery 
when the tube based system with ammonia as the coolant and other systems proposed in 
the literature for a discharge cycle at a rate of 5C. 
The maximum temperature of the battery increases rapidly with various increasing 
rates for different heights of the PSLA. That is, the difference between the rate of increase 
of the maximum temperature in the battery becomes clearer as time progresses in the 
charging phase, as shown in Fig. 5 (a). After two thirds of the charging process the 
maximum temperature increase rate starts to decrease gradually, with a more visible change 
for the higher PSLA height, which is the result of having greater cooling ability in the last 
third of the charging process since the specific heat generation rate decreases, as shown in 
Figure 5.33(c). For the five cases of PSLA heights in the battery pack, the maximum 
temperature reached in the charging phase is 37.8oC, which occurs for the case where the 
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PSLA covers 5% of the height of the battery. However, having 5% of the height of the 
battery covered with PSLA is sufficient to maintain the maximum temperature of the 
battery below 34oC in the first two thirds of the high power charging rate.  
After the 300 seconds of charging, the high powered discharge rate at 7.5C starts 
as shown in Figure 5.33. When the discharging phase begins, the maximum temperature 
starts to decrease rapidly, dropping by 2oC in the first 50 seconds of the discharging phase 
for the case when 30% of the battery height is under the PSLA surface.  
 
Figure 5.33 Electro-thermal performance of cooling system at a 9.0 bar saturation pressure 
of the PSLA. (a) Temperature difference throughout the battery, (b) maximum battery 
temperature, (c) specific heat generation rate, and (d) electrical potential.  
This is due to the sudden drop in the heat generation rate produced by the battery, 
as shown in Figure 5.33(c). The maximum temperature continues to decrease to its lowest 
value within the discharging phase, which is 3oC less than that at the start of the discharging 
process for the case where 30% of the battery height is under the PSLA surface. Following 
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that point, the temperature starts to increase since the heat generation rates are higher than 
the cooling capacity of the proposed system, as shown in Figure 5.33(a) and (c). The 
maximum temperature of the battery reaches a maximum of 39.4oC, which is 1.6oC higher 
than the maximum at the end of the charging phase for the case when the PSLA is covering 
only 5% of the total height of the battery. Figure 5.33(a) shows that as the height of the 
PSLA in the battery pack increases, the maximum temperature of the battery is achieved 
at the end of the charging and discharging cycle decreases. The maximum temperature of 
the battery decreases from 39.4oC to 33.4oC as a result of increasing the height of the PSLA 
from 5% to 30% of the height of the battery. When the height of the PSLA increases, it 
also reduces the temperature difference between that at the end of the charging phase and 
that at the end of the discharging phase, as shown in Figure 5.33(a). The increase in the 
maximum temperature between the end of the charging and the discharging phases reduces 
from 1.6oC to 0oC when the height of the PSLA increases from 5% to 30% of the height of 
the battery.  
The temperature uniformity in the battery pack is of high importance in order to 
maintain its optimum working conditions. However, due to the nature of the proposed 
cooling system, it is expected that the temperature variation between the batteries in the 
pack will be negligible. So temperature uniformity as a cooling system performance 
measure will be more focused on the temperature variation in each battery. Figure 5.33(b) 
shows the level of temperature uniformity throughout the battery in terms of the maximum 
temperature difference in the battery, which follows a similar trend to that of the maximum 
temperature shown in Figure 5.33(a). The temperature difference in the battery through the 
high power (7.5C) charging and discharging cycles reaches a maximum of 17.6oC at the 
end of the discharging phase, when only 5% of the battery height is covered by PSLA. The 
system with 5% of the height of the battery covered by PSLA maintains temperature 
difference below 15oC during the first 500 seconds of the 600 seconds cycle.  
 The effect of varying the percentage of the height of the battery covered by PSLA 
on the temperature difference throughout the battery is shown in Figure 5.33(b). For the 
five heights of the PSLA considered (5%, 10%, 15%, 20%, and 30%), the maximum 
temperature difference occurred at the end of the discharging phase (600 seconds) for all 
cases, at values of 17.6oC, 15.2oC, 13.8oC, 12.9oC and 10.8oC, respectively. The gap 
between the temperature difference at the end of charging and at the end of discharging 
decreases as the height of the PSLA increases. Increasing the height of the PSLA covering 
the battery from 5% to 30% reduces the gap from 1.63oC to 0.03oC respectively. The drop 
in temperature difference as the height of the PSLA increases is due to the increase of the 
surface area that is covered by a material with a high heat transfer coefficient (boiling heat 
transfer coefficient), which in turn produces more ammonia vapor that further cools the 
part of the battery not covered by liquid.  
The temperature contours of the battery from the center of the battery pack shown 
in Fig. 2 for the five cases of PSLA height in the battery pack are shown in Figure 5.34(a) 
after 300 seconds of high power charging and after 300 seconds of high powered 
discharging. Figure 5.34(a) shows how increasing the height of the PSLA reduces the 
temperature difference in the battery. Figure 5.35 shows the variation of the temperature 
distribution in a single battery with time for the case when 30% of the battery height is 
covered by PSLA. As shown in Figure 5.35(b), the temperature distributions at the end of 
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charging and at the end of discharging are identical. The shape of the temperature 
distribution in the battery (see Figure 5.35) is maintained after the end of the battery 
charging period, even when the temperature starts to decline at the start of the discharging 
period.  
 
Figure 5.34 Temperature contours of the middle section of the battery in the center of the 
pack for five cases of liquid propane height at the end of the cycle (at 600 s). 
The constant temperature of the PSLA during boiling is a function of the saturation 
pressure of the PSLA, and the effect of the saturation pressure on the performance of the 
cooling system is shown in Figure 5.36. A second pressure value is considered (10.0 bar), 
and the results are compared to those at 9.0 bar, considered earlier in the thesis. The 
saturation temperatures corresponding to pressures of 9.0 bar and 10.0 bar are 294.7 K and 
298.0 K respectively. The two pressure cases are applied to all five heights of the PSLA in 
the battery pack, and the results are shown in Figure 5.34 and Figure 5.36. Figure 5.36 
illustrates the effect of PSLA pressure on the performance of the cooling system in terms 
of maximum temperature of the battery and temperature difference throughout the battery. 
Figure 5.36 also shows that constant results are achieved in which for all five heights of 
PSLA the higher pressure PSLA is achieved at a lower temperature difference and higher 
maximum temperature of the battery, which is supported by the contour plots of the battery 
under the two pressures. Another result that can be observed in Figure 5.36 is that the 




Figure 5.35 Battery temperature distribution with time during the charging and the 
discharging phases when 30% of the battery length is covered with liquid ammonia. 
b) Cycling rate effect on the battery temperature distributions  
The thermal performance of the proposed cooling system is investigated at high power 
charging and discharging rates of 7.5C. However, the battery packs in any HEV 
applications are not expected always to be charging and discharging at the high power 
rates. Figure 5.37 shows the effect of charging and discharging rate on the thermal 
performance of the battery pack. Figure 5.37 (a) and (b) show the temperature contours at 
the end of the cycle for three charging and discharging rates (2.5C, 5C, and 7.5C) for the 
cases when the pressure of the PSLA is 9.0 bar and 10.0 bar respectively and when the 
height of the PSLA is 5% of the height of the battery. Figure 5.37 (a) and (b) show that as 
the charging and discharging rates decrease the temperature difference reduces as well as 
the maximum temperature in the battery. When the charging and discharging rates are 
2.5C, covering only 5% of the total height of the battery with PSLA at 9.0 bar is adequate 
to obtain a nearly constant temperature difference of around 3.5oC. However, when the 
pressure is 10.0 bar the temperature difference is maintain below 3.0oC.  
5.4.2 System 4 results  
The objective of this study is to propose a thermal management system for the battery packs 
of HEVs that use propane as a source of some of the energy required by the vehicle, and to 
investigate the effect of the cooling system on the thermal performance of the Li-ion battery 
pack. Five heights of the liquid propane in the battery pack are investigated to define the 
minimum height of liquid propane that provides a low temperature throughout the battery 
for a high discharge current, and to simulate the high power demand of the HEVs. The 
effect of the cooling system on the thermal performance of the battery pack is assessed 
through the maximum temperature and the temperature difference throughout the battery, 




Figure 5.36 Effect of the saturation pressure of the PSLA partially covering the lithium 





Figure 5.37 Effect of charging and discharging rates on the thermal performance of the 
cooling system 
a) Battery temperature distributions 
The height of the liquid propane surrounding the batteries was varied from 5% to 30% of 
the height of the battery. The pressure of the propane was maintained at 8.5 bar for all of 
the propane heights considered. Figure 5.38 shows the maximum temperature in the 
battery, the difference between the maximum and minimum temperatures in the battery, 
the volumetric heat generation and the electrical potential of the battery for a 300 second 
charging rate at 7.5C, followed by a 300 second discharge rate of 7.5C, all for several 
heights of liquid propane. 
Figure 5.38(a) shows that the maximum temperature in the battery continues to 
increase during the charging phase, with the period for which the battery experiences the 
highest increase rate of maximum temperature occurring at around 200 seconds for the 
various liquid propane height in the battery pack. The increase rate of the maximum 
temperature decreases after two thirds of the charging period, since the heat generation rate 
decreases as shown in Figure 5.38(c) and the cooling by the liquid propane is still active. 
The maximum temperature for the five cases of liquid propane height in the pack during 
charging phase is 37.4oC, occurring for the case when 5% of the battery height is covered 
by liquid propane, which is acceptable considering the high charging rate of the battery. 
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The maximum temperature is below 32.0oC for half of the high charging rate period (150 
seconds out of the 300 seconds).  
 
Figure 5.38 Maximum temperature (a), maximum temperature difference (b), specific 
thermal energy generated (c), and electric potential (d) of the lithium ion battery for various 
heights of the battery submerged in the liquid propane. 
Figure 5.38(a) shows the thermal behavior of the battery after 300 seconds at a high 
charging rate of 7.5C followed by 300 seconds at a high discharge rate of 7.5C. The 
maximum temperature in the battery during the discharging phase starts decreasing and 
continues to decrease until around half of the discharging period (different point in time 
for different heights of liquid propane). The reason why the maximum temperature is 
decreasing is the sudden drop in the heat generation rates as shown in Figure 5.38(c) when 
the operation mode shifts from charging to discharging. However, in the last 50 seconds of 
the discharging period the maximum temperature in the battery starts increasing 
nonlinearly to reach a maximum temperature after the 600 seconds of charging and 
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discharging. The maximum temperature for the five cases of liquid propane height is 
38.9oC for the case with 5% of the battery height covered with the liquid propane pool. 
However, for 250 seconds of the 300 seconds of high discharge rate the temperature was 
below 37.5oC. For the last 50 seconds, the thermal behavior of the battery can be explained 
by the heat generation curve shown in Figure 5.38(c). Figure 5.38(a) shows the effect 
increasing the height of the liquid propane in the battery pack. As the height of the propane 
increase in the battery pack the maximum temperature in the battery decreases. Figure 
5.38(a) shows that when the height of the battery that is submerged in the liquid propane 
increases from 5% to 30% the maximum temperature drops by 5.6oC (from 38.9oC to 
33.3oC). Higher heat transfer occurs at the submerged surface in the form of boiling heat 
transfer, and as more of the battery surface is covered by the liquid propane more area is 
available on which boiling heat transfer is occurring. Another effect of increasing the liquid 
propane covered area on the maximum temperature in the battery is that it causes the rate 
at which the maximum temperature increases to decline, as shown in Figure 5.38(a).  
The temperature distribution through each single battery and between the batteries 
in the pack affects significantly the performance of the batteries in the pack, and also is an 
indicator of the performance of the cooling system. The temperature difference between 
the batteries in the pack is expected to be very close to zero, since the cooling system 
provides cooling for each battery independently due to all batteries being submerged in the 
liquid propane, which is at a constant boiling temperature. The propane vapor released 
from the evaporation of the liquid propane flows along the length of the battery. However, 
regarding the temperature distribution in a single battery in the pack, the maximum 
temperature difference across the battery is shown in Figure 5.38(b). The behavior of this 
temperature difference is similar to the maximum temperature in the battery shown in 
Figure 5.38(a). The maximum temperature difference during the charging and discharging 
periods for the five cases of liquid propane height is 18.0oC for the case when 5% of the 
length of the battery is covered with liquid propane. But the temperature difference is lower 
than 16.6oC for the first 550 seconds of the 600 seconds cycle.  
Figure 5.38(b) shows that the temperature difference across the battery decreases 
as the percentage of the length of the battery covered by the liquid propane increases. When 
the liquid propane height covered in the pack rises from 5% to 30% of the battery height, 
the maximum temperature difference decreases from 18.0oC to 12.5oC. This is because 
more of the battery surface area is covered by the liquid propane, subjecting a greater area 
to the high heat transfer coefficient of the boiling process. This causes more propane vapor 
to be generated, providing more cooling effect to the uncovered parts of the battery. This 
means that the large gap in the cooling effect between boiling and convection on the 
uncovered part decreases, which also helps in reducing the maximum temperature 
difference across the battery. Figure 5.39 shows the temperature contours of the middle 
section of the battery in the center of the pack for the five cases of liquid propane height, 
at the end of the cycle (at 600 s). It is clear that, as more of the battery is covered with 
propane, the lower are the maximum temperature in the battery and the temperature 




Figure 5.39 Temperature contours of the middle section of the battery in the center of the 
pack for the five cases of liquid propane height at the end of the cycle (at 600 s). 
 Figure 5.40 shows the development of the temperature distribution during the high 
rate charging and discharging for the case when the liquid propane covers 30% of the 
battery height. It is observed that, after 100 seconds from the start of the charging process 
(7.5C), a clear temperature distribution starts appearing and, by the end of the charging 
process, the temperature distribution is similar to that at the end of the discharging phase. 
The battery maintains the shape of the temperature distribution after charging ends and, 
even when the temperature starts to decrease at the beginning of discharging, the shape of 




Figure 5.40 Temperature distribution variation with time during the charging and 
discharging phases, for 30% of the battery length covered with liquid propane. 
The pressure of the liquid propane surrounding the batteries in the pack determines 
the saturation temperature at which the propane boils to provide the cooling effect. Two 
saturation pressures are considered: 8.5 bar which corresponds to a saturation temperature 
of 293.75 K and 10 bar which corresponds to a saturation temperature of 300.1 K. The two 
pressure cases are applied to the five heights of propane considered in this thesis. Figure 
5.41 shows the effect of the liquid propane saturation pressure on the maximum 
temperature and the temperature difference across the battery. A consistent result for all 
the five heights of liquid propane is observed when the pressure of the liquid propane 
increases, which is that the maximum temperature of the battery during the charging and 
discharging high rate cycle is always higher for the higher pressure. However, the higher 





Figure 5.41. Effect of pressure of the saturated liquid propane partially covering the 
lithium ion batteries in the pack on the maximum temperature and the temperature 
difference in the battery. 
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The high pressure considered exhibits a temperature difference of less than 2oC in 
the first 80 seconds as shown in Figure 5.41, which is the trend for nearly all cases of 
propane height. Figure 5.41 shows that, as more of the battery is covered by the liquid 
propane, less of a drop in the temperature difference is observed due to the increase in the 
pressure. Figure 5.41 shows that reducing the pressure for the higher liquid propane height 
has a larger effect on the maximum temperature than for the lower liquid propane height 
in the pack. At a higher elevation of the propane in the pack, the effect of the vapor propane 
in the convective cooling of the uncovered part of the battery is much higher than its effect 
at low a liquid propane height. This means that the lower temperature vapor propane 
reduces the temperature more effectively than the higher temperature propane, which is the 
case when the pressure of the liquid propane increases. This observation justifies further 
the difference between the maximum temperature of the battery achieved by the low and 
high pressure propane, shown in Figure 5.41.  
The highest change in the temperature difference due to the increase in the pressure 
is when 5% of the battery is covered with liquid propane; then the temperature difference 
across the battery decreases by 1.64oC and exhibit the lowest increase in the maximum 
temperature (4.46oC).  
Although the analysis of the performance of the proposed system considers an 
ambient temperature of 25oC and an insulated battery pack, the system is able to perform 
well in cold and hot weather. In hot weather more propane evaporates due to the leakage 
of thermal energy to the battery pack. The increase in the amount of evaporated propane 
due to heat infiltration from outside, is expected to be much smaller than the propane 
evaporated due to the thermal energy generated by the batteries in the pack. Even if the 
amounts of heat entering the pack from the environment are comparable to the energy 
generated by the battery, the extra vapor propane is sent to power production and the worst 
possible scenario is to increase the size of the vapor propane collector-pressure regulator. 
In cold weather the liquid propane remains in the liquid phase, since the freezing point 
incurs negligible changes with pressure and the freezing point for liquid propane is -
187.7oC. Since the boiling of the propane is driven more by the higher temperature of the 
battery surface than the saturation temperature of the liquid propane covering part of the 
battery, no excessive cooling will occur for the batteries in the pack. In addition, the liquid 
propane acts as an insulator, protecting the batteries from the cold environment, and it also 
increases the mass and the specific heat of the battery pack. In other words, the thermal 
energy that needs to be removed from the pack to reduce the temperature of the pack is 
higher due to the presence of the propane pool. 
b) The battery pack geometry and design results 
The coming studies cannot be continued with the correlation based model that is why the 
phase changing boiling based model is developed and is used to simulate the remaining 
results and simulations. The thermal performance of the considered battery pack thermal 
management system when the coolant filling the battery pack has no supply and the pack 
is filled with the liquid coolant is evaluated through the maximum battery temperature 
within the pack and the maximum temperature difference across the pack and through a 
single battery. The effect of the spacing between the batteries and the charging and 





Figure 5.42 Four configurations of the cylindrical batteries in the pack and the top view 
of the simulated domain for each pack configuration, where the main operating parameter 
is the spacing between them (top view of the pack is used to demonstrate the spacing 
between the batteries for each configuration)  
As shown in Figure 5.42, four battery configurations in the pack are considered, 
where the spacing between the batteries is varied from twice the battery radius in the x and 
y directions for the largest space considered to half the battery radius in the x and y 
directions for the smallest considered size. Figure 5.43(a) shows the variation of the battery 
maximum temperature with time through the charging and discharging cycle at a current 
of 4C for a cycle of 600 seconds duration. From Figure 5.43(a), it is observed that as the 
spacing between the batteries increases the maximum temperature of the battery reduces. 
For the largest considered battery spacing, the maximum temperature of the battery for a 
4C charging and discharging cycle for 600 seconds reaches a value of 30.3oC. When the 
spacing of the battery decreases to nearly half the initial spacing (from configuration 1 to 
2), the maximum temperature of the battery increases to 31.5oC at the end of the cycle, 
which is a 1.29oC reduction in the maximum temperature. A further reduction of the 
spacing by half from a single radius spacing (configuration 2) to half a radius spacing in 
both directions (configuration 4) increases the maximum temperature at the end of the cycle 
from 31.5oC to 32.6oC, which is 1.09oC increase. Configuration 3 is used to investigate 
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decreasing the spacing from one direction in the battery pack while maintaining the other 
spacing constant relative to configuration 2. From Figure 5.43 the battery maximum 
temperature increases with a reduction of the battery spacing in one direction from 31.5oC 
to 32.1oC, which is a 0.54oC increase.   
 
Figure 5.43 Thermal performance of the thermal battery management system under a 
charging and discharging cycle of 600 seconds at a 4C rate in terms of (a) battery maximum 
temperature and (b) battery maximum temperature difference. 
Since the amount of the coolant in the pack is constant with no more coolant supply, 
the separation distance leads to a higher maximum battery temperature as shown in Figure 
5.43(a). Smaller spacing means that there is less liquid coolant for each battery in the pack, 
which leads to evaporating the liquid coolant faster than configurations with larger spacing. 
Since the pack coolant is maintained at a constant pressure, then not all the generated vapor 
leaves the pack and some remains to maintain a constant pressure inside the pack. The 
remaining vapor is the only coolant method between the batteries. Figure 5.44 shows the 
variation of the coolant liquid volume fraction through the 600 seconds charging and 
discharging cycle. As shown in Figure 5.44, with the increase in the spacing the liquid 
coolant lasts for a longer period of time, leading to a lower maximum battery temperature 
compared to configurations with smaller spacing. The increase in the battery maximum 
temperature with reduction of the spacing between the batteries is not linear, as can be seen 
in Figure 5.43(a).  
A more detailed description of the effect of the liquid volume fraction is shown in 
Figure 5.45. Figure 5.45 shows the iso-temperature surfaces of the battery and its 
surrounding coolant volume through the charging and discharging cycle for specific time 
steps. Figure 5.45 shows the iso-surface temperature plot at 590 seconds in the charging 
and discharging cycle with a rate of 4C (note that the time selected is to avoid selecting the 
final time step where the battery is shutting off). Note that the phase change temperature is 
equal to 26.94oC. As shown in Figure 5.45 the only configuration which has an iso-
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temperature surface at a temperature below the boiling point and at the boiling temperature 
is configuration 1, which is also shown in Figure 5.44.  
c) Cycling rate results   
The effect of the charging and discharging rate for the four configurations is considered 
with three rates of 4C, 5C and 6C, as shown in Figure 5.46. Figure 5.46 shows the effect 
of the charging and discharging rate on the performance of the cooling system in terms of 
the battery maximum temperature and the coolant liquid volume fraction.  
 
Figure 5.44 Variation of the coolant volume fraction throughout the charging and 
discharging cycle for the four configuration considered at a charging and discharging rate 
of 4C.  
From Figure 5.46 it is seen that as the spacing between the batteries decreases the 
faster and sharper the coolant liquid volume fraction decreases to zero. Increasing the 
charging and discharging cycle rate results in increasing the maximum temperature in all 
of the four configurations considered and results in evaporating the pool faster. Figure 5.46 
(a) shows that when the cycle rate is increased from 4C to 5C the pool completely 
evaporated at 480 seconds compared to having a liquid content larger than 15% of the 
volume at 4C. A further increase in the cycle rate to 6C further shortens the life of the 
liquid coolant in the battery pack, where at 6C the pool lasts for only 380 seconds through 
the 600 second cycle. The smallest battery spacing is considered in configuration 4 (Figure 
5.46(d)); the boiling cooling runs out at 380 seconds, 210 seconds, and 170 seconds for the 




Figure 5.45 Temperature iso-surfaces (in oC) of the four configurations considered at time 
590 s of the 600 s charging and discharging cycle at a rate of 4C (note that only the first 
configuration has it is own temperature legend, while the other three configurations has a 




Figure 5.46 Variation of the battery maximum temperature and volume fraction (VF) of 
the liquid coolant surrounding the batteries in the pack throughout the charging and 
discharging cycle for three cycle rates and considering four configurations. 
However, for the largest battery spacing considered in configuration 1, the boiling 
cooling does not run out for the rate of 4C, while it runs out in 470 seconds, and 380 
seconds for the cycle rates of 5C and 6C respectively. The difference in maintaining the 
boiling cooling rate is directly reflected on the maximum temperature of the battery as 
shown in Figure 5.46. However, increasing the space between the batteries from half a 
radius to twice the radius of the battery in the x and y directions improves the maximum 
battery temperature at the end of the simulation cycle at 4C by 2.2oC. The improvement in 
the maximum battery temperature by 2.2oC, increases to 4.3oC and 6.2oC when the cycle 
rate increased to 5C and 6C respectively.  
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From the results shown in Figure 5.46, as the configuration space decreases the 
temperature differential increases with the increasing charging and discharging rate of the 
simulation cycle. The effect of the high boiling rate on the battery maximum temperature 
shown in Figure 5.46 can be better understood through the variation of the heat generation 
rate and the cooling rate shown in Figure 5.47. Figure 5.47 shows the variation of the heat 
generation rate for each of the considered cycle rates and the cooling rate provided by each 
of the four considered configurations. Figure 5.47 shows the variation of the heat 
generation rate by the battery and the cooling rate provided by the cooling system four 
configurations throughout the charging and discharging for the three cycle rates 
considered. The effect of the boiling cooling is most apparent in Figure 5.47 (a) where only 
in configuration 1 does the coolant liquid fraction remain more than zero to the end of the 
simulation cycle. The response and the amount of cooling the cooling system provides after 
the liquid pool evaporates completely is slower compared to boiling cooling, which is seen 
at the beginning of the cycle.  
 
Figure 5.47 Variation of the heat generation rate by the battery and the cooling rate by the 
battery for four spacing configurations throughout the charging and discharging cycle time 
for a cycle rate of (a) 4C, (b) 5C, and (c) 6C.  
The effect of the charging and discharging rate on the four considered 
configurations on the maximum temperature difference across the battery is shown in 
Figure 5.48. Figure 5.48(a) shows the maximum temperature difference across the battery 
for the three different charging and discharging rates considered. As the charging and 
discharging cycle rate increases the temperature difference across the battery increases. 
Having the largest battery spacing considered results in the largest temperature difference 
across the battery, which is mainly due to having a high cooling rate on the covered part of 
the battery compared to the uncovered part of the battery. However, as the spacing 
decreases the cooling system maintains a higher temperature uniformity across the battery 
even when the cooling fraction is continuously dropping and runs out faster. Having a 
smaller battery spacing results in having the boiling cooling rate run out faster since there 
is less liquid coolant for the same heat generation rate. Having a lower boiling cooling rate 
results in an even distribution of cooling rate across the battery, compared to having a high 
cooling rate on the pool covered part only (see to Figs. 1 and 7). Having an even distribution 
of cooling rate across the battery helps in reducing the temperature difference across the 
battery as shown in Figure 5.48; however, this occurs at the expense of the maximum 




Figure 5.48 Variation of the battery maximum temperature difference across the battery 
throughout the charging and discharging cycle for cycle rates of 4C, 5C, and 6C for (a) 
configuration 1, (b) configuration 2, (c) configuration 3, and (d) configuration 4. 
5.4.3 System 5 results  
The performance of the proposed BCS using refrigerant R134a is assessed in terms of the 
thermal characteristics of the batteries in the pack during a high rate charging and 
discharging cycle. The effects of the variations of the height of the liquid R134a pool on 
the thermal behavior of the batteries in the pack are investigated. The subsequent analysis 
considers the performance of the proposed BCS with a realistic diving cycle. Then, the 
performance of the proposed cooling system is compared with air, liquid and refrigerant 
based cooling systems described in the literature. 
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a) Battery temperature distributions 
The proposed system cools the battery by boiling the refrigerant R134a pool, through 
absorbing part of the heat generated by the battery, which in turn cools the battery surface 
covered by the R134a liquid pool. The uncovered part of the battery is cooled by the 
generated vapor from boiling through natural convection. The height of the R134a liquid 
pool in the pack is varied from a completely uncovered to a completely covered battery 
surface. Note that for the case when the battery surface is completely uncovered, it is 
assumed that that the surrounding space is filled with R134a vapor that can cool the battery 
by natural convection. The variation of the battery maximum temperature with changing 
height of the R134a pool is shown in Figure 5.49(a). There, it is shown that increasing the 
height of the R134a pool in the battery pack, i.e., increasing the battery surface area covered 
by the liquid R134a pool, decreases the maximum battery temperature at the end of the 600 
second charging and discharging cycle. It is shown that for the first 150 seconds of the 
charging the battery at a 4C rate, having 0% of the surface of the battery covered by the 
liquid R134a results in a lower maximum temperature than the other five cases of liquid 
R134a heights. However, the reason for this performance is that the system is considered 
after it has reached equilibrium. Assessing the performance of the system after reaching 
the equilibrium state results in the surface of the battery reaching the saturation temperature 
of the R134a.  
Increasing the height of the liquid R134a in the pack reduces the maximum 
temperature of the battery at the end of the 600 second charging and discharging cycle. 
However, the reduction in the maximum temperature at the end of the cycle declines as the 
height of the liquid R134a in the pack increases, as shown in Figure 5.49(a). Covering 20% 
of the battery surface starting from the bottom of the battery results in a maximum battery 
temperature at the end of the cycle of 35.5oC. However, increasing the coverage area from 
20% to 40% reduces the maximum temperature at the end of the test cycle to 33.9oC, which 
represents a 2.6oC improvement in the maximum temperature of the battery. Increasing the 
covered area from 40% to 60%, then to 80% and finally to 100% results in maximum 
battery temperatures of 32.7oC, 31.9oC, and 31.6oC, respectively. It is shown that the 
maximum temperature of the battery improves with increasing height of the liquid R134a 
pool in the pack, but that magnitude of the improvement with each interval reduces as well. 
To understand more fully the behavior of the cooling system with variation of pool height, 
the effect of varying pool height on the temperature uniformity of the batteries in the pack 
is investigated next. 
The cooling load provided by the ELP based BCS varies with the height of the 
liquid pool in the pack (or the covered area of the battery by the liquid pool) [11,115,116]. 
However, the variation and the cooling load provided by such cooling systems varies with 
the type of refrigerant used [11,115,116]. The cooling system in this thesis uses refrigerant 
R134a. In this section, the effect of reducing the spacing between the batteries on the 
maximum temperature in the pack is determined for various pool heights and charging and 
discharging rates. The cycles considered in this section are 600 seconds long, starting with 
300 seconds of charging at rates of 6C, 7C and 8C and ending with 300 seconds of the 




Figure 5.49 Variation with discharging and charging time of (a) maximum temperature in 
the battery, and (b) average temperature of the battery, for the six different cases of liquid 




Figure 5.50 Variation with charging and discharging time of battery maximum 
temperature for the cases when (a) 20%, (b) 40%, (c) 60%, and (d) 80% of the battery is 
covered with the liquid refrigerant pool  
Figure 5.50 illustrates the effect of varying the considered design and operating 
parameters on the battery’s maximum temperature. Figure 5.50(a) shows that when the 
pool covers 20% of the battery the maximum temperature in the compact design (a shorter 
separating distance between the batteries) behaves similar to the larger spaced design. 
However, the compact design achieves higher maximum temperatures through the cycle, 
with a maximum difference of 0.2oC for the case when the charging and discharging rate 
is 7C. The difference between the two designs is lower in terms of the battery maximum 
temperature when the cycle rate is 6C. The compact design exhibits maximum 
temperatures of 37.6oC, 40.0oC, and 42.9oC for cycle current rates of 6C, 7C and 8C 
respectively. For the case where the refrigerant pool covers 40% of the battery Figure 
5.50(b) shows the variation of the battery maximum temperature through the 600 second 
cycle. The compact design again resembles the behavior of the larger spaced design, with 
a small difference between the achieved temperatures. Similar to case for 20% of the 
battery covered, the difference in the maximum temperatures achieved between the two 




Figure 5.51 Variation with charging and discharging time of the difference in the 
breakdown of the heat transfer rate between the two proposed design configurations of the 
cooling system. 
To understand the increase in the maximum temperature achieved by the compact 
design compared to the radius spaced design, the contribution of the pool and generated 
vapor is plotted in Figure 5.50(e). Negative values in Figure 5.51 mean that the compact 
design values are less than those of the radius spaced design. Figure 5.51 shows the 
difference in the heat absorbed by the pool, by the vapor and the total removed heat for the 
compact design and the radius spaced design. For the case when 20% of the battery is 
covered, as the cycle current increases, the difference between the two designs increases in 
terms of the cooling provided by the pool and the vapor. For the three considered cycle 
rates the contribution of the vapor in the total cooling load is less for the compact design 
than the radius spaced design. But the difference in contribution increases as the cycle 
current rate increases, as seen in Figure 5.51. However, the pool contributes more in the 
compact design than the radius spaced design, where the difference increases as the 
charging and discharging rates increase. 
 Increasing the pool height reduces the battery maximum temperature at the end of 
the cycle. Increasing the height of the pool in the pack decreases the maximum temperature. 
For the compact design, when the batteries in the pack are 20% covered with the pool the 
maximum temperature in the cycle increases from 37.6oC to 40.0oC when the cycle rate 
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increases from 6C to 7C, and the maximum temperature reaches 42.9oC for a cycle rate of 
8C. However, submerging up to 80% of the battery in the refrigerant pool reduces these 
temperatures to 32.6oC, 33.5oC, and 35.0oC when the cycle rates are 6C, 7C, and 8C 
respectively. It is seen in Fig. 4 that, as the pool height in the pack increases, the system is 
abler to take advantage of the low heat generation rate occurring just after switching from 
charging to discharging. For the compact design and when 40% of the batteries are 
submerged from the point where the cycle switches from charging to discharging, the 
temperature drops in 50 seconds by 0.8oC, 1.3oC and 2.0oC for 6C, 7C and 8C, respectively. 
This is similar to the 60% covered case, where the temperature drops increase to 1.0oC, 
1.5oC and 2.3oC.  
 From this section, it can be concluded that the compact design achieves similar 
results as the larger spaced design (radius spaced design) and mirrors the performance of 
the larger spaced design. However, further investigation is needed to consider the 
distribution of the temperature through the battery, since large temperature differences 
might lead to unstable cells. This topic is discussed next.  
Temperature uniformity of the battery is an important factor in the performance of 
the battery and represents a measure of the performance of the deployed cooling system. 
The battery’s average temperature is used to assess the battery temperature uniformity, and 
is shown in Figure 5.49(b). The average temperature of the battery behaves similarly to the 
maximum temperature of the battery, however they the average temperature lower limit is 
the ambient temperature except for the case where the battery is completely submerged in 
the R134a pool. The average temperature of the battery reaches its highest value at the end 
of the 600 seconds charging and discharging cycle, as shown in Figure 5.49(b). For the 
cases when 0%, 20%, 40%, 60%, 80% and 100% of the battery surface is covered with 
liquid R134a, the maximum average temperature reaches 39.9oC, 33.9oC, 32.4oC, 31.4oC, 
30.9oC, and 30.7oC respectively. Note that for the case when 80% of the battery surface is 
covered with liquid R134a, the average temperature of the battery increases by less than 
1oC.  
A more detailed presentation of the temperature variation in the battery is provided 
in Figure 5.52, which plots the temperature contours on the surface of the battery for the 
six cases considered for the height of the R134a pool in the pack at the end of the 600 
second charging and discharging cycle. Although having 0% of the surface of the battery 
covered by the liquid R134a results in a high level of temperature uniformity in the battery 
as shown in Figure 5.52, the average temperature of the battery is nearly 40oC, compared 
to the 30.7oC when the battery is completely covered. Considering the cases other than 0% 
and 100% coverage, the battery temperature uniformity improves as the covered surface of 
the battery increases.  
The temperature contours represent the boundaries between regions with different 
temperatures based on specified temperature increments, which means that a larger number 
of temperature contours on the surface of the battery indicates a lower level of temperature 
uniformity. The number of temperature contours on the surface of the battery decreases as 
the R134a covers a larger surface area of the battery, as shown in Figure 5.52. For the case 
when 80% of the battery surface is covered with the R134a pool, the entire side surface of 
the cylindrical battery reaches a temperature less than 31oC. Figure 5.53 shows the 
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variation of the temperature contours on the surface of the battery for the case when the 
R134a covers 20% of the surface of the battery. Figure 5.52 shows that maximum 
temperature of 35.5oC is reached after 550 seconds have elapsed of the 600 second charging 
and discharging cycle. The cooling system was able to achieve high temperature uniformity 
in the battery pack; for the first 200 seconds of the cycle the maximum temperature 
difference within the battery was around 3oC, compared to the maximum reached at the 
end of the cycle of 7oC.  
 
Figure 5.52 Temperature contours of the battery when (a) 0%, (b) 20%, (c) 40%, (d) 60%, 




Figure 5.53 Variation of battery temperature distribution over the charging and 
discharging cycle for the case when 20% of the battery surface is covered by liquid R134a. 
 Effect of the pool height and different battery separation on the temperature 
distribution The temperature distribution through a single battery is an important factor for 
battery performance, and can be used as a performance measure of the cooling system. The 
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temperature distribution through a single battery can be represented by the battery’s 
average temperature. The average temperature of the battery under various operating 
conditions and for the two proposed designs is shown in Figure 5.54. Increasing the 
compactness does not change the system behavior through the 600 second cycle, but the 
compact design achieves a slightly larger average temperature. Increasing the height of the 
pool in the pack reduces the difference between the two design as shown in Figure 5.54(d), 
where the difference between the two designs reaches almost zero. Increasing the height of 
the pool reduces the differences between the average temperature for different charging 
and discharging cycle rates.  
 
Figure 5.54 Variation with charging and discharging time of battery average temperature 
for the cases when (a) 20%, (b) 40%, (c) 60% and (d) 80% of the battery is covered with 
the liquid refrigerant pool. 
The temperature distribution through the battery can also be graphically presented 
in terms of the temperature contours on the outer surface and middle plane passing through 
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the battery as shown in Figure 5.55. There, the effects are shown of raising the height of 
the pool in the pack on the temperature distribution through the batteries in the pack for 
cycle rates of 6C, 7C and 8C for the compact design. Figure 5.55(a) shows the temperature 
contours of the outer and the middle plane of the battery for various heights of the pool in 
the pack for a cycle rate of 8C.  
For the case when the refrigerant pool covers 20% of the battery, increasing the 
cycle rate from 6C to 7C increases the average temperature at the mid cycle from 34.5oC 
to 36.4oC. A further increase in the cycle rate from 7C to 8C increases the mid cycle 
temperature from 36.4oC  to 38.6oC . However, for the case when the pool covers 80% of 
the battery, increasing the cycle rate from 6C to 7C increases the mid cycle temperature 
from 31.1oC to 31.5oC, while a further increase in the cycle rate from 7C to 8C increases 
the mid cycle temperature from 31.5oC to 32.1oC. Reducing the increase or decrease in the 
average temperature for different cycle rates reflects the better temperature uniformity the 
system is capable of providing for various cycle rates. Further investigation of the 
performance of the cooling system under the optimum operating and design parameters 
(within the considered ranges) is done through the drive cycle study, which is presented in 
the next section. 
The fast response rate of the proposed system can be highlighted in Figure 5.54 as 
the average temperature drops after 50 seconds when the cycle switches from charging to 
discharging. The drop in the average temperature varies with the cycle rate and the pool 
height in the battery pack. For the discharge rate of 8C and for the compact design, the 
drop in the average temperature is 1.4oC, 1.6oC, 1.4oC, and 1.2oC when the liquid pool 
covers 20%, 40%, 60% and 80% of the battery surface.  
Figure 5.55(a) shows the temperature distribution improvement through the 
increase of the height of the pool for an extremely high rate of 8C. For all short cycle rates 
of 6C, 7C and 8C, a pool height of 80% achieves a temperature on the upper surface of the 
battery equal to that at the bottom of the battery as shown in Figure 5.55, which indicates 
a high degree of temperature uniformity. For the various considered cases, the removed 
heat from the battery through the pool and the vapor is compared for the two proposed 
configurations in Figure 5.56. As more of the battery is covered with the liquid pool, the 
removed heat becomes closer to the generated heat, as shown in Figure 5.56(j), (k), and (l). 
b) Battery heat rate distributions  
The proposed cooling system cools the battery through boiling of the liquid R134a pool 
and the generated R134a vapor. In order to understand the battery temperature variation 
throughout the test cycle, the battery heat generation rate, the heat rate removed by boiling, 
the heat rate removed through natural convection by the R134a vapor and the maximum 
temperature of the battery are plotted during the test cycle (see Figure 5.57). Note that 
Figure 5.57 reports the heat rates plus the maximum battery temperature for the six cases 
considered of percentages of the battery area covered by the liquid R134a pool. Figure 
5.57(a) shows that, when the battery is not in contact with the pool, a small amount of heat 
is removed by the stagnant vapor surrounding the battery, which results in a rapid increase 




Figure 5.55 Temperature contours of the battery middle plane and outer surface for the 
four considered pool heights of the evaporating pool when the charging and discharging 




Figure 5.56 Variation of the battery heat generation rate, and heat rate removed from the 
battery through boiling and through natural convection by the generated R134a vapor for 
the two compared designs for a liquid pool height of 20% and a cycle rate of (a) 6C, (b) 7C 
and (c) 8C, 40% and a cycle rate of (d) 6C, (e) 7C and (f) 8C, 60% and a cycle rate of (g) 




Figure 5.57 Variation of the battery heat generation rate, and heat rate removed from the 
battery through boiling and through natural convection by the generated R134a vapor, 
when (a) 0%, (b) 20%, (c) 40%, (d) 60%, (e) 80% and (f) 100% of the battery surface is 
covered by liquid R134a. 
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The variation of the heat rates and the maximum battery temperature when covering 
20%, 40%, 60%, 80%, and 100% of the battery surface with liquid R134a are presented in 
Figure 5.57(b), (c), (d), (e), and (f) respectively. Covering more of the battery surface with 
the liquid R134a leads to a faster onset of cooling. When 20% of the battery is covered 
with the R134a pool, the cooling effect starts after 100 seconds of the test cycle compared 
to 95, 80, 70, 1 seconds for the test cycles when 40%, 60%, 80%, and 100% of the battery 
surface is covered with the R134a pool. It shown that when the heat rate becomes higher 
than the heat generation rate the maximum temperature of the battery decreases, and when 
the heat generation rate is higher the maximum temperature of the battery increases. For 
the case when 100% of the battery is covered with the R134a pool, the cooling effect by 
the generated R134a vapor is negligible compared to that of the boiling and hence it is not 
included in Figure 5.57(f).  
c) Drive cycle results  
The pollutant emissions and fuel consumptions for conventional vehicles are measured 
using standard driving cycles, such as the new European driving cycle (NEDC). However, 
vehicle manufacturing companies rely increasingly on a more realistic driving cycle such 
as the Artemis cycle. Through a more realistic driving cycle, the Artemis cycle emulates 
the actual performance of vehicles. There are three variations of the Artemis driving cycle: 
urban, motorway and road driving. Also, there are two versions of the motorway cycle, 
differing based on the maximum speed that the vehicle reaches in the cycle (130 km/h or 
150 km/h).  
The proposed refrigerant based cooling system performance is tested here for the 
Artemis motorway cycle with a maximum speed of 150 km/h for a period of 10 minutes 
for the case when 40% of the battery is covered with the liquid R134a pool. The parameters 
of a typical EV are used to determine the electrode power relative to the other electrode of 
the battery cell, and are listed in Table 3. Note that the three dimensional heat and mass 
transfer model and the one dimensional electrochemical model are used in this study. More 
details on the method for calculating the required electrode power corresponding to the 10-
minute duration of the Artemis motorway cycle can be found in reference [24]. The thermal 
performance of the proposed system in terms of the maximum temperature, average 
temperature and minimum temperature through the second test cycle is presented in Figure 
5.58(a). Figure 5.58(b) shows the state of charge, voltage, current and operation power of 
a single battery in the pack. From Figure 5.58(a), it is observed that the battery reaches a 
maximum temperature of 30oC at the end of the test cycle. In the test cycle, the average 
and the minimum temperatures are 30oC and 30oC respectively, demonstrating the high 
level of temperature uniformity achieved by the system. 
The proposed system was able to remove more heat with the generated vapor 
compared to another refrigerant based cooling system that was proposed [19,20], which 
resulted in increasing the overall heat removal rate. Another advantage the proposed system 
over other refrigerant based cooling systems is that it is not limited to hybrid electric 
vehicles or based on the type of fuel they use. However, some of the disadvantages of the 
proposed system are that it works when the ambient temperature is lower than 30oC or if 
the air conditioning unit in the vehicle is cooling the vehicle cabin to a temperature lower 
than 30oC. The objective of this research to reduce the dependence of the refrigerant based 
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cooling system on the type of fuel or vehicle the system was achieved. However, further 
research is merited to remove the dependence of the refrigerant based cooling system on 
the ambient temperature and the operation of the vehicle air conditioning system, and to 
investigate condensation and the recycling of the R134a. 
 
Figure 5.58 (a) Maximum temperature, average temperature and minimum temperature 
through the second test cycle, and (b) state of charge, voltage, current and operation power 
of a single battery in the pack. 
A refrigerant based cooling system is proposed that manages and maintains the 
operating temperature of batteries within the optimum operation range, and that can 
compete with the most commonly used liquid and air cooling systems. The proposed 
system is independent on the type of vehicle, i.e., it can be used in electric vehicles, hybrid 
electric vehicles, and plug in hybrid electric vehicles. The proposed system exploits the 
high heat transfer coefficient of boiling through a direct contact boiling with the battery 
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surface. The proposed design performance was investigated under two 600-second test 
cycles. The first test cycle had a 300 seconds of charging at a rate of 4C followed by 300 
seconds of discharging at a rate of 4C. The second test cycle had a duration of 600 seconds 
for an Artemis motorway cycle with a maximum speed of 150 km/h.  
 For the first test cycle, the proposed system was able to limit the temperature rise 
of the battery to 1.6oC for the case when 100% of the battery surface is submerged within 
the liquid R134a. The maximum temperature difference in a single battery in the pack was 
largest when only 20% of the battery was covered by liquid R134a, at 7oC. It was shown 
that due to the selected relatively high boiling temperature of the liquid R134a, the cooling 
effect is delayed from the start of the test cycle. The exception to the delay of the cooling 
effect occurs when the battery is covered completely. However, for the second test cycle, 
the proposed system with the batteries being covered with only 40% was able to maintain 
the maximum battery temperature at under 30oC. 
 Further analysis of the drive cycle considers further cycles for the case when the 
separating distances between the batteries selected is the smaller one. The resulting battery 
pack thermal performance of the considered EV through the long intensity cycle is shown 
in Figure 5.59(a), that includes the variations of the maximum and average temperatures, 
cell electrode potential and cycle operating power. The maximum temperature in the pack 
varies within a 4oC range throughout the cycle, while the average temperature variations 
are limited to 1oC as seen in Figure 5.59(a). The maximum temperature reaches a value 
35oC, while the highest average temperature reaches was 32.5oC. It is also seen in Figure 
5.59(a) that a resting period of one sixth of the cycle is enough to stabilize the system 
temperature to the pool saturation temperature of 30oC. It is also shown in Figure 5.59(a) 
that a period of one sixth of the cycle is enough to permit the average temperature to equal 
the maximum temperature. However, the long intensity cycle considered is not a realistic 
cycle. The proposed system thermal performance through the Artemis motorway cycle is 
shown in Figure 5.59(b). It is seen that after around 650 seconds the system keeps the 
maximum temperature around the saturation temperature of the liquid refrigerant cooling 
pool. However, the average temperature of the battery starts from a low of 25oC and reaches 
the maximum temperature around 600 seconds through the cycle. Then both the maximum 
temperature and the average temperature start to raise and exceed the saturation 
temperature together, with a maximum temperature difference through the remainder of 
the cycle of 0.5oC, which shows the high thermal uniformity within the pack. The pack 
maximum temperature reaches 31.3oC at the end of the realistic drive cycle.  
5.4.4 Comparative results of the present systems  
In this section, the performance of the proposed systems for the cylindrical battery pack is 
compared with each other and the without cooling initially and the best performing system 
is comparted to the systems proposed in the literature in terms of pack performance. Pack 
performance is a measure of the thermal management performance however on the full 
pack level, which is mainly in the maximum temperature difference across the battery pack. 
While the thermal management system performance is further investigated through the 
variation of the maximum temperature of the battery which has the maximum temperature 
in the pack and others, and the variation of the maximum temperature difference in those 
batteries as well. The first subsection will deal with comparison between the proposed 
systems to each other and with the case where no cooling system is used. The following 
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subsection will compare the best performing system will be compared with the literature 
proposed systems. 
 
Figure 5.59 (a) Maximum temperature, average temperature, cell electrical potential and 
cycle power for (a) three continuous multiples of the short test cycle and (b) Artemis 
motorway cycle. 
a) Temperature comparisons  
In this section, the proposed systems are compared against each other, where the hydrogen 
system was not proposed since the novelty of the hydrogen proposed system as well as the 
air based cooling system was in using the fuel of the vehicle in the cooling process and the 
proposed cold plate for the prismatic battery pack. For the air based cooling system for 
cylindrical battery packs, various novel proposed system in the literature pack geometry is 
adapted. For each system the main parameters of the cooling system where maintain the 
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same as much the system flexibility allows, while the differences are reported in the text 
and in the comparison figure. Figure 5.60 shows the variation of the maximum temperature 
of the battery with the highest temperature in the battery pack through a charging and 
discharging cycle at a rate of 6C for 600 seconds.  
 
Figure 5.60 The variation of the maximum temperature of the battery with the highest 
temperature in the battery pack through a charging and discharging cycle at a rate of 6C 
for 600 seconds, where systems 2, 4 and 5 are all simulated at the same pool height of 30% 
of the height of the battery.  
For the three different proposed cooling systems proposed in the thesis for the 
cylindrical batteries, the performance is compared when coolant in all three systems have 
the same saturation temperature of 25oC as well as the environment temperature of the 
battery without cooling system however with a natural convention as shown in Figure 5.60. 
As Figure 5.60 all boiling systems, which in this case all three proposed systems have a 
similar behavior in terms of the temperature variation relative to heat generation curve. The 
differences between the performance in terms of the achieved maximum temperature of 
the battery is due to the physical and thermophysical properties of the coolant itself. The 
best performing system is the ammonia based system, and the propane based system has a 
very close performance as well. Figure 5.61 shows the reduction percentage of the battery 
maximum temperature (relative to the case with cooling comes from the natural convection 
in an environment temperature) variation with time versus the charging and discharging 
cycle time for the three proposed systems. The ammonia and the propane based systems 
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where able to reduce the maximum temperature of the battery with around 40% at the end 
of the cycle relative to the case with no cooling system is used other than natural convection 
in room environment temperature. The refrigerant based system reduced the maximum 
temperature of the battery to 28% less at the end of the simulation cycle. As shown in 
Figure 5.61 the reduction of the battery temperature increases with the increase of the 
battery maximum temperature without the cooling system being used, which is due to the 
ability of the proposed systems to maintain the maximum temperature of the battery within 
2 to 3oC temperature range as shown in Figure 5.60. Comparing the thermophysical 
properties of the three considered coolants at the same saturation temperature, the ammonia 
will highest enthalpy of evaporation of 1180 kJ/kg, followed by propane of 342.9 kJ/kg 
and last is the refrigerant R134a with 177.8 kJ/kg.  
 
Figure 5.61 The reduction percentage of the battery maximum temperature (relative to the 
case with cooling comes from the natural convection in an environment temperature) 
variation with time versus the charging and discharging cycle time for the three proposed 
systems. 
The role that the enthalpy of evaporation plays is the larger its value the longer it 
takes to phase change the liquid on the high temperature wall, which leads to having a 
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higher heat transfer rate since it leaves the surface in contact with liquid phase for longer 
period of time compared to the coolants with a lower enthalpy of evaporation. In addition 
to the effect of the enthalpy of evaporation, the ammonia has a high thermal capacity, which 
makes it one of the best refrigerants. The thermal capacity of a fluid depends on the specific 
heat capacity and the density of the fluid. For better understanding of the behavior of the 
various considered refrigerants, which are R134a, ammonia and propane temperature and 
enthalpy properties plot is presented in Figures 61, 62, and 63 respectively.  
 
Figure 5.62 Temperature versus enthalpy property plot of refrigerant R134a. 
 




Figure 5.64 Temperature versus enthalpy property plot of propane. 
In Figures 5.61, 5.62, and 5.63 the enthalpy of vaporization of ammonia is much 
larger than those of the R134a and that of propane as the area of under the bell shaped 
curve is larger for ammonia compared to the other two considered refrigerant, which gives 
it the advantage over them.  
The systems that exploit liquid-to-vapor phase change to cool the batteries in a 
cylindrical battery pack are compared for the battery with the maximum temperature in the 
pack. The variations of the maximum temperature difference across the battery for the three 
proposed systems are shown in Figure 5.66, in this case the initial temperature of the battery 
was set to 25oC. The ammonia based system achieves the lowest temperature difference 
across the battery and thus achieves the highest temperature uniformity across the battery 
surface as show in Figure 5.66. Another study considers the starting temperature of battery 
to be equal to the saturation temperature of the coolant and the resulting battery maximum 
temperature difference across the battery is shown in Figure 5.66. In the case where the 
initial battery is set to the saturation temperature of the pool, the ammonia system still 
achieves the lowest temperature at the end of the cycle compared to the other two systems. 
However, throughout the simulation cycle the propane was achieving better performance 
in terms of having a lower temperature difference across the battery. But at the end of the 




Figure 5.65 Variation of the maximum temperature difference across the cylindrical 
battery that has the highest maximum temperature in the battery pack, when cooled by 
various liquid-to-vapor phase change based thermal management systems. The initial 
temperature of the battery is 25oC.  
 
 
Figure 5.66 Variation of the maximum temperature difference across the cylindrical 
battery that has the highest maximum temperature in the battery pack, when cooled by 
various liquid-to-vapor phase change based thermal management systems. The initial 
temperature of the battery is the saturation temperature of the coolant.  
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b) Efficiency comparisons  
The method used to determine the energy efficiencies of using the liquid-to-vapor phase 
change battery thermal management system to cool prismatic batteries is used in this 
section for cylindrical batteries. Figure 5.67 shows the variation of the energy efficiencies 
of various systems proposed in the literature that use liquid-to-vapor phase change to cool 
the batteries. Since the propane and ammonia based systems exhibit similar thermal 
performance in terms of the maximum battery temperature and the maximum temperature 
difference across the battery with the maximum temperature in the pack, they are expected 
to achieve similar energy efficiencies. However, as shown in Figure 5.67, the ammonia 
based system achieved a slightly higher efficiency. So the ammonia based system achieved 
the highest energy efficiency in cooling both cylindrical and prismatic batteries.  
 
 
Figure 5.67 Variation of the energy efficiencies of liquid-to-vapor phase change thermal 
management systems for cylindrical batteries. The initial battery temperature is set to the 
saturation temperature of the coolant. 
 
c) Comparison with the literature studies 
The previous section concluded that the propane based cooling system was able to achieve 
the largest reduction in the battery’s maximum temperature relative to the case when there 
is no cooling system is used, however natural convection is the only source of cooling in 
an environment with a temperature and pressure of 25oC and 1 atm respectively. In this 
section the propane based cooling system performance is compared with various proposed 
systems in the literature. In this section, the performance of the proposed system is 
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compared against other studies for thermal management of 18650 Li-ion battery packs, and 
the comparison is presented in Figure 5.68.  
 
Figure 5.68 Performance compared of the proposed system against proposed systems from 
other studies for the thermal management of 18650 Li-ion battery packs at a discharge rate 
of 6.667C 
The performance of the proposed propane based battery thermal management 
system is compared with studies that considered air cooling and PCM [52,82], at a high 
discharging rate of 6.667C. Li et al. [82] proposed a sandwich structure cooling system that 
uses a copper metal foam structure integrated with a PCM (copper foam-paraffin 
composite), and investigated its performance experimentally at a high power discharge rate 
of 6.667C, which corresponds to 10 A.. Li et al. [82] reported the results of the battery pack 
in terms of the average maximum temperature of the batteries in the pack. Li et al. [82] 
used battery model 18650, which is similar to the battery type considered in this study. 
Sabbah et al. [52] proposed expanded graphite that is saturated with paraffin, where the 
structure is designed to reduce the surface temperature of the battery. A similar discharge 
rate of 6.667C was also considered by Sabbah et al. Sabbah et al. assessed two air based 
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cooling system as comparison cases to assess the performance of the proposed cooling 
system.  
It is pointed out that the use of the HEV fuel, propane, in this study as a PCM to 
passively manage the thermal performance of the Li-ion batteries in the pack has not yet 
been proposed. In previous studies, researchers focused on using solid metallic meshes 
with foam PCMs, such as copper-foam, aluminum-foam, nickel foam-paraffin and 
graphite-foam, as a battery thermal management system for Li-ion batteries. As shown in 
Figure 5.68, the proposed system is highly efficient at keeping the maximum temperature 
in the battery pack at less than 30oC through 450 seconds of a high discharge rate of 6.667C. 
Comparing the performance of the battery thermal management system proposed in this 
study with other previous studies considering PCM and air cooling shows that the proposed 
system performs better than the systems in the considered studies, with even better 
performance than the proposed system of Li et al. [82] using nickel foam-paraffin.  
Finally, with all the advantages the proposed systems there are limitations and 
disadvantages. In order to better understand the proposed systems in addition to their high 
performance capabilities and advantages that the systems introduce to the electric and 
hybrid electric vehicles the limitations and the disadvantages of the proposed systems are 
important as well to understand the performance of these systems. The limitations and 
disadvantages of the proposed systems can be presented as follows: 
 The fuel based systems, including the hydrogen, ammonia and propane based 
systems increases the danger of the thermal runway since the fuel surrounds the 
batteries and if thermal runway occurs and the batteries caught on fire, the fuel will 
combust leaving larger damage. 
 The fuel based systems have the disadvantage of limiting the drive range on the 






Chapter 6: Conclusions and Recommendations  
 
This chapter presents conclusions of the work, research and results in this and then the 
chapter goes to the recommendation section, which provide recommendations that are 
inferred from the results of the thesis.  Note that the recommendations also introduce ideas 
for further systems that can be proposed and further analysis ideas that are out of the scope 
of this thesis and its objectives. 
6.1 Conclusions 
The battery thermal management system plays an important role in the performance and 
safety of EVs, HEVs and any system that drives high discharge and charging rates from 
batteries to power a system or a group of systems. The literature review chapter showed 
that battery thermal management systems that are currently used by the companies that 
have mass production of HEVs and EVs have a limited heating capacity based on 
thermodynamics analysis. The literature review has shown that the novelist of the systems 
proposed in the literature were focusing on optimizing the currently available systems and 
work on efforts to get closer to their thermodynamic limits. However, by analyzing the 
thermodynamic limits of conventional systems it was shown that novel thermal 
management systems with higher thermodynamic potential are required with better heat 
transfer characteristics and higher efficiency. 
    The main novelties that this thesis offers as the main contribution to the field, are 
using the hybrid electric vehicle fuel as the battery pack coolant and the second is in using 
the high heat transfer of boiling in battery thermal management. The proposed systems are 
modeled, simulated and analyzed, and the performance is compared between themselves 
and later with the literature proposed systems. The main finding of the research, modeling, 
simulation and analyses of this thesis are summarized as follows: 
 The proposed pool-based system is more effective for cylindrical than prismatic 
battery packs. A pool that covers 30% of the cylindrical battery height can reduce 
the maximum temperature of the battery at the end of an intense simulation cycle 
at a rate of 6C that lasts for 600 seconds by 13.0oC to 18.6oC depending on the type 
of the coolant used. 
 To achieve the maximum prismatic battery temperature reduction of 13.0oC to 
18.6oC by the pool based system, it is required to have a pool that covers 80% of 
the battery height through the same simulation cycle.  
 The most effective system for cylindrical batteries is the pool based system, 
whereas high as 40% reduction of the maximum battery temperature is achieved 
when 30% of the battery height is covered by the boiling pool. 
 The most effective system in reducing the maximum temperature of the battery is 
the tube based system. A cold plate with four tubes results in reducing the battery 
maximum temperature by 19.5oC.  
 The geometry of the flow channel embedded in the cold plate of the air and the 
hydrogen based systems, which used to cool the prismatic batteries in the pack is 
developed through an iterative approach that is based on the thermal and flow 
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performance of the cooling system. The area of the flow channel covers only 16% 
of the surface area of the battery. 
 Increasing the number of tubes in the cold plate enhances the temperature 
distribution through the prismatic battery. Increasing the number of tubes from one 
to six improves the temperature distribution through the battery by reducing the 
maximum temperature difference across the battery by 33%. 
 The air and hydrogen based system is more sensitive to the inlet temperature more 
than the flow rate when the flow rate changes from 0.01 m/s to 0.05 m/s. Reducing 
the coolant inlet temperature by 5oC reduces the battery maximum temperature by 
3% and reduces the maximum temperature difference across the battery by 30%. 
 The pool based and the tube based systems for both cylindrical and prismatic 
battery packs outperform the literature systems, mainly the liquid, air and PCM 
systems further through the cycle and at high rates. In one of the most advanced 
water cooling systems, which is the mini channels water cooling and while 
operating at a high mass flow rate of 0.002 kg/s per each prismatic battery the 
maximum temperature increased up to 13oC from the starting temperature and then 
reached a steady state at a temperature that is 10oC more than the starting battery 
temperature.  
 The pool based system response was 10 seconds of the 600 seconds cycle compared 
to around 102 seconds for 600 seconds cycle for the mini channel cold plate cooling 
system. 
 The most effective system in terms of reducing the maximum temperature 
difference across the prismatic battery is the pool based cooling system, where it 
maintains the temperature difference less than 3.5oC compared to less than 9.0oC 
for air and hydrogen based systems. 
 Tube cold plate based system has 80% less coolant in the battery pack than the 
direct contact pool based system while achieving a higher reduction in the 
maximum battery temperature and the maximum temperature difference across the 
battery pack. 
 
6.2 Recommendations  
In this section a set of recommendations are provided to for further studies considerations 
that can be built up on the work and results presented in this thesis. The work in this thesis 
investigates the unexplored field of using the high heat transfer rate of boiling in battery 
thermal management systems and it also investigate the integration of the vehicle drive 
train with the battery thermal management system.  
In order to further investigate the proposed systems and expand on the introduced 
field of thermal management systems and the recommendations can be listed as follows: 
 Expanding the developed integrated model of electrochemical and thermal models 
to simulate a full battery pack of 300 cells including the coolant supply system to 




 An experimental study of the integration of the hybrid vehicle drive train with the 
battery thermal management system is recommended to investigate the 
performance of the proposed systems experimentally. 
 The developed one dimensional model can be extended to two dimensional or even 
three dimensional electrochemical model to increase the accuracy of the modeling 
of the electrochemical reactions. However, doing that will results in increasing the 
computational time extensively especially for a large battery pack. 
 Developing a tube based system for cylindrical battery pack to investigate the 
potential improvement in the percentage reduction in the maximum battery 
temperature and the maximum temperature difference across the battery. 
 Investigating the potential efficiency improvement in liquid based thermal 
management systems with integrating it with liquid to vapor phase change system. 
 Performing cost and exergoeconomic cost analysis on the proposed systems, 
including the savings due to the integration of the vehicle derive train with the 
cooling of the battery packs and the use of the continuously recycled refrigerant 
based system.  
 Performing environmental and exergoenvironmental analysis on the proposed 
systems, including the savings due to the integration of the vehicle derive train with 
the cooling of the battery packs and the use of the continuously recycled refrigerant 
based system.  
 Investigating the performance of the proposed thermal management systems for 
stationary battery based systems used for energy storage of renewable energy 
collection systems and for EV solar panels.  
 Studying the corrosive effect of the proposed coolants and their safety under vehicle 
collision and battery thermal runway conditions. 
 Studying the cooling performance of the proposed systems for the new Li-ion 
batteries geometries and the promising solid state properties.  
 Studying the performance of the proposed systems under the effect of variable 
environment temperature. 
As was presented in the comparison sections of the results and discussion chapter, 
the proposed systems were able to achieve a better performance than most liquid and air 
based systems at the mentioned parameters prove that the proposed systems are promising 
option for hybrid and electric vehicles industry. With the help of the proposed systems the 
hybrid and electric vehicles disadvantage of long charging time can be reduced 
significantly specially with the fast system response and makes them more appealing to 
costumers. It is recommended that the industry focus on investigating the refrigerant based 
system since it can be used for both electric and hybrid electric vehicle and it has the same 
concept as the propane and ammonia based systems. As shown in the conclusions for 
cylindrical battery packs it is recommended to use and further investigate the pool based 
systems. However, for prismatic batteries, tube based systems. Material properties and 
associated problems such as corrosion should be further investigated as well. Note that the 
uses of the proposed systems are not limited to vehicle’s battery packs, since the cooling 
methodology can be applied future large scale battery pack energy storage systems for 
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